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In the brain of all vertebrates the bilaterally-paired habenular (Hb) nuclei of the dorsal 
diencephalon predominately innervate a shared midbrain target, the interpeduncular 
nucleus (IPN). The Hb-IPN pathway has been implicated in many behaviors including 
fear/anxiety, addiction, and sleep. To better understand the molecular, anatomical and 
connectivity features of this conserved and essential pathway, I characterized the Hb-IPN 
system of the zebrafish brain.  
I identified a previously unknown population of somatostatinergic neurons in the 
dorsal habenular nuclei (dHb) (homologous to the mammalian medial Hb). In zebrafish 
and other teleosts, the dHb show prominent left-right differences in size, organization and 
molecular characteristics. Accordingly, the somatostatinergic neuronal population is 
larger in the right dHb compared to the left. These findings and related work on other 
neurotransmitters and neuropeptides contribute to a more comprehensive map of neuronal 
organization in the zebrafish dHb.  
By generating a transgenic line that selectively labels somatostatinergic dHb 
neurons with a membrane-tagged fluorescent protein, I determined that they innervate a 
discrete region of the ventral IPN (vIPN), which is enriched in neurons expressing the 
algesic neuropeptide nociceptin. The results reveal a precise connection between 
subregions of the dHb and the IPN and lead to a model in which somatostatinergic dHb 
neurons inhibit neural activity in the vIPN and, thus, regulating serotonin in the raphe 
nucleus to modulate fear and pain processing. 
Further, I conducted transcriptional profiling of the IPN by taking advantage of a 
transgenic line, in which fluorescent labeling permits microdissection of IPN tissue. 
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Transcriptional profiling identified over five hundred transcripts enriched in the IPN. I 
confirmed the expression of a subset of genes that encode neuropeptides, proteins 
involved in neurotransmitter synthesis or reception and proteins with localized functions 
in the dorsal, intermediate or ventral IPN. This information is valuable for understanding 
the organization of the IPN and the molecular and functional diversity of its neuronal 
populations. 
The above results, along with my work on validating new transgenic techniques 
for gene regulation in zebrafish, provide a better understanding of the Hb-IPN pathway as 
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Chapter 1: Introduction 
  
From classical neuroanatomical studies to modern day transcriptional profiling, much has 
been learned about the organization and neuronal populations of the vertebrate brain. 
However, little is known about many neuronal subgroups, their afferent and efferent 
connections, and how they modulate states such as fear, stress, reward and sleep. A 
prominent forebrain to midbrain pathway implicated in fundamental behavioral responses 
is the habenulo-interpeduncular conduction system.  
 
The habenular complex  
The name habenula is derived from Latin word, “habena” meaning rein, because of the 
shape of this brain region (Andreas et al., 1999). The habenular complex is a conserved 
region in the vertebrate brain that is located in the dorsal forebrain, above the thalamus at 
its posterior end flanking the midline by the third ventricle (Sutherland, 1982; Hikosaka 
et al., 2008; Viswanath et al., 2013). The habenular complex consists of two bilaterally 
paired habenular nuclei, called the medial (mHb) and lateral (lHb) nuclei in mammals 
(Gurdijan, 1925).  
 
Conservation of the habenulo-interpeduncular nucleus (Hb-IPN) neural pathway 
The two habenular nuclei (Hb) serve as a relay station connecting forebrain nuclei with 
the midbrain (Sutherland, 1982) and have different afferent inputs (Herkenham and 
Nauta, 1977) and efferent connections (Herkenham and Nauta, 1979). Neurons in the lHb 
project to monoaminergic regions in the brain (Geisler and Trimble, 2008) and have been 
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implicated in avoidance responses, negative reward and decision-making (Shumake et 
al., 2010; Hikosaka, 2010; Amo et al., 2014). Neurons in the mHb predominantly 
innervate an unpaired midbrain target, the interpeduncular nucleus (IPN), through the 
fasciculus retroflexus (FR) fiber bundle, in a conduction system that is highly conserved 
in vertebrates (Herrick, 1948; Herkenham and Nauta, 1979) (Fig 1-1). The medial Hb are 
known to influence fear/anxiety (Yamaguchi et al., 2013; Agetsuma et al., 2010; Lee et 
al., 2010), sleep (Haun et al., 1992) and addiction (London et al., 1988; Hussain et al., 
2008; Zhao-Shea et al., 2013; refer to Antolin-Fontes et al., 2014). The Hb and IPN are 
intimately connected with the limbic system, with input from components such as the 
hypothalamus and hippocampus (Nauta, 1958, Hikosaka et al., 2008).  
Recent interest in the habenular region came from the finding that in many non-
mammalian vertebrates, the Hb show prominent left-right (L-R) differences in their size, 
neuronal organization, and gene expression. For example, in zebrafish, the dorsal 
habenula (dHb), (analagous to the mHb of mammals; Concha and Wilson, 2001) is larger 
on the left compared to the right, a feature shared by other vertebrates, including frogs 
(Rana esculenta and Rana temporaria), newts (Triturus cristatus), (Braitenberg and 
Kemali, 1970), lizards (Kemali and Agrelli, 1972), and some birds (Gallus gallus) 
(Gurusinghe and Erhlich, 1985, Gurusinghe et al., 1986). In certain frogs and lizards, the 
left Hb has an extra subncleus whose neurons express the melatonin receptor and the 
neuropeptide Substance P (Engbretson et al., 1982; Kemali and Gugliemotti, 1984; 
Wiechmann and Wirsig-Wiechmann, 1993).  
L-R asymmetry of the dHb and its subdomains has been studied extensively in the 
zebrafish,  owing to its  amenability to genetic and  transgenic approaches.  Expression of  
3
Figure 1-1. Visualization of conserved habenuo-interpeduncular pathway in vertebrate brains 
Schematic diagram of sagittal sections of (A) rat and (B) zebrafish brains, depicting the habenulo-
interpeduncular pathway (adapted from Aizawa et al., 2011)  
m-medial, d-dorsal, Hb-habenula, FR-fasciculus retroflexus, IPN-interpeduncular nucleus, RN-raphe 

















three paralogs of the potassium channel tetramerization domain containing (kctd) gene, 
kctd 12.1, kctd12.2 and kctd 18 suggested that five subdomains are present in the left Hb 
and four in the right (Gamse et al., 2005). From labeling of habenular subregions using 
transgenic lines, it has been suggested that the dHb can be further subdivided into 
morphologically and functionally distinct medial and lateral subnuclei (Aizawa et al., 
2005; Agetsuma et al., 2010) that significantly differ in size on the left and the right. 
Studies in the zebrafish have also demonstrated roles for the Nodal, Fgf, and Wnt 
signaling pathways in establishing the L-R asymmetry of the dHb or the directionality of 
this asymmetry (Liang et al., 2000; Carl et al., 2007; Inbal et al., 2007; Roussigne et al., 
2009; Concha et al., 2009).  
In contrast to the bilateral dHb, their target, the IPN, is an unpaired midline 
structure located in the ventral midbrain. Although the IPN was first identified in 1872, it 
was thought to be of little importance because of its small size and the deep ventral 
location (refer to Plante, 1972). However, the discovery of several morphologically 
defined subnuclei and the subregional distribution of neurotransmitters suggested 
otherwise (Morley, 1986). Nevertheless, we still know very little about this midbrain 
nucleus, its precise subnuclear specializations, connectivity, and functions.  
 
Subnuclear organization of the IPN 
Most of our understanding of the IPN comes from histological analyses of the 
mammalian brain. Ramon y Cajal first described inhomogeneity of the IPN (refer to 
Mitchell, 1963). In mammals, two populations of cells have been noted: larger ones (10-
14 µm) which are mostly round or oval that are called the corpus interpeduncularis, and 
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smaller ones (6-10 µm) that are multipolar, spindle-shaped and are referred to as the 
magnocellular nucleus (Plante, 1972).   
Based on cytoarchitecture, enzyme histochemistry, autoradiography and electron 
microscopy, seven subnuclei, three unpaired (apical, rostral, and central) and four paired 
(intermediate, lateral, rostral lateral and dorsal lateral) nuclei, have been identified in the 
rat IPN (Hamill and Lenn, 1984). These subnuclei contain neurons with distinct 
molecular properties. For instance, the rostral, apical, central and lateral nuclei possess 
neurons of cholinergic identity, whereas the rostral, apical and central nuclei include 
neurons expressing the neuropeptide somatostatin (Sst) (Hamill et al., 1984; Kapadia and 
DeLanerolle, 1984; Morley et al., 1985). On the other hand, Substance P containing 
neurons are distributed more broadly within the rostral, apical, lateral and dorsal lateral 
subnuclei (Hamill et al., 1984).  
Although, the cytoarchitecture of the human IPN appears to be simpler compared 
to the rat IPN, specialized regions are found in the developing brain with muscarinic 
receptors localized laterally, and serotoninergic and opioid receptors are enriched in the 
medial IPN (Panigrahy et al., 1998). 
 Less is known about the subnuclear organization of the IPN in non-mammalian 
vertebrates. Craigie (1930) observed only one type of cells in birds, but the rostral region 
showed higher cell density. In zebrafish, Toizawa et al., (2001) found that a population of 
neurons in the caudomedial part of the adult zebrafish Hb is recognized by a monoclonal 
antibody to an unknown epitope. A subset of these immunoreactive habenular neurons 




Diversity of IPN neurons 
Although Cajal described the IPN as a heterogeneous structure (refer to Mitchell, 1963), 
information is limited regarding the properties of its neurons. Different cell 
morphologies, including pyramidal-like, stellar, fusiform and multipolar have been 
identified in the IPN of the human brain and most of these cells are closely associated 
with the vasculature (Kemali and Casale, 1982). Similarly, in frog, a group of cells were 
identified that do not make any synaptic contacts and were proposed to have secretory 
functions (Kemali, 1977; Morley, 1986). These cells may release Sst into the portal 
system or cerebrospinal fluid (Morley, 1986).  
Besides Sst, neurons in the mammalian IPN are immunoreactive for numerous 
neurotransmitters and neuropeptides or enzymes in their biosynthetic pathways, including 
dopamine 3 hydroxylase, serotonin, Substance P, cholecystokinin, vasoactive intestinal 
peptide, leu-enkephalin, γ-aminobutyric acid, glycine, and serine (Hamill et al., 1984; 
Hemmendinger and Moore, 1984; Kapadia and de Lanerolle, 1984a; Kapadia and de 
Lanerolle, 1984b; Mahalik and Finger, 1986; Kawaja et al., 1989; Nakaya et al., 1994). 
Other neuropeptides, such as urocortin and urotensin II, which stimulate corticotropin 
release (Bittencourt et al., 1999; Clark et al., 2001), and the luteinizing hormone-
releasing hormone (Silverman et al., 1979) are also present in the IPN of mammals. 
Some of these neurotransmitters and neuropeptides localized to discrete regions of the 
IPN. For instance, Sst positive neurons are found in the central nucleus of mammals 
(Spangler and Morley, 1987), while the intermediate subnucleus contains neurons that are 
sparsely immunoreactive to Substance P and serotonin. The lateral subnuclei contain a 
dense population of Substance P neurons, whereas encephalin-like immunoreactive 
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neurons are present in the rostral and apical subnuclei and receive cholinergic input 
(Mahalik and Finger, 1986).  
Not only neurotransmitters and neuropeptides, but their receptors are also present 
in the mammalian IPN. Opioid receptors are expressed in all but the intermediate 
subnucleus and are more concentrated in the rostral and lateral subnuclei (Artymyshyn et 
al., 1987). Receptors for γ-Amino butyric acid (GABAB) (Albanese et al., 1985), 
cholecystokinin (Hill et al., 1988), and the thyrotropin-releasing hormone (Ogawa et al., 
1981), are also present in the mammalian IPN. Subunits for a number of nicotinic 
acetylcholine receptors (nAChR) have been localized to different subregions of the IPN; 
α4 subunits are found in the rostral and dorsomedial IPN, α6 subunits are weakly 
expressed in the rostral and central IPN, β2 is uniformly localized except from the most 
rostral and caudal regions and β3 is present throughout the IPN (except for the dorsal 
region) (Shih et al., 2014). Muscarinic acetylcholine receptors are also present (Brown et 
al., 1983), though little is known about their distribution in IPN subregions.	  
Specialized neuronal populations have been identified in the IPN of non-
mammalian vertebrates as well. Sst is expressed in the frog IPN (Vandesande and 
Dierickx, 1980) and, V3/V1b type arginine vasotocin receptors are found in the newt IPN 
(Taban and Cathieni, 1983; Hasunama et al, 2010). The lizard, Gekko gecko, has 
serotonin immunoreactive neurons in the rostral and the ventral areas of the ventral IPN 
(Smeets and Steinbusch, 1988). Substance P-like immunoreactive neurons are present in 
the IPN of goldfish (Villani et al., 1991) and acetylcholine esterase (AChE) and choline 
acetyltransferase (ChAT) positive neurons were also observed in the dorsal most part of 
the IPN in zebrafish (Clemente et al., 2004). Neurons in the zebrafish IPN express the 
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corticotropin releasing factor urotensin I (Alderman and Bernier, 2007), as well as 
specific nAChR subunits (Hong et al., 2013). The available information indicates that the 
IPN has considerable morphological and molecular complexity throughout the vertebrate 
lineage. 
   
Innervation of the IPN 
The IPN receives major afferent input from the left and right mHb via the habenulo-
interpeduncular tract, also known as the FR of Meynert (Sutherland; 1982). This 
connection forms the core of the FR and fibers emanating from the lateral habenular 
nucleus (lHb) surround the core (Herkenham and Nauta, 1979). Hb fibers innervate the 
IPN in a stereotypic fashion, crossing the midline multiple times and encircling the IPN 
in a “figure 8” pattern as first described by Cajal in cat (1911) and later confirmed in 
other species (Herrick, 1948; Hakerman and Nauta, 1979). 
Efferents from different subregions of the mHb innervate different regions of the 
IPN. In mammals, the IPN receives the heaviest input from the ventral region of the 
mHb, primarily from the ventrolateral part (Marchand et al., 1980). The medial part of 
the mHb projects to the ventral IPN, whereas the lateral part projects to the dorsal IPN 
(Marchand et al., 1980). The caudal mHb projects most densely to the rostral IPN 
(Contestabile and Flumerfelt, 1981). The caudal IPN does not appear to receive input 
from the mHb (Contestabile and Flumerfelt, 1981) however, according to another study, 
both the dorsal and the ventral mHb innervate the caudal IPN (Kawaja et al., 1988).  
Although the habenular connection to the IPN is conserved across vertebrates, 
innervation patterns are different among different species. In frogs, salamander, lizards, 
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and mammals, connections from the left and right Hb to the IPN show mirror image 
symmetry (Distel and Ebbesson, 1981, Kemali and Guglielmotti, 1982; Kuan et al., 
2007a). However in teleosts, left and right habenular neurons innervate different regions 
of the IPN (Concha and Wilson, 2001; Kuan et al., 2007a; Stephanson-Jones et al., 
2012). In zebrafish, neurons in the left Hb innervate both the dorsal and ventral IPN, 
whereas right habenular neurons only innervate the ventral IPN (Gamse et al., 2005). It 
was shown that this asymmetry is due to in part selective expression of neuropilin1a by 
the left Hb (Kuan et al., (2007b). However, in the zebrafish model, there is some 
discrepancy in the precise innervation pattern. One study reported that a small population 
of right habenular neurons also innervates the dorsal IPN, although the majority of the 
right Hb neurons project to the vIPN (Aizawa et al., 2005).  
The characterization of neurotransmitter pathways has also provided information 
on IPN connectivity. In the mammalian brain, the Hb-IPN conduction system is a major 
cholinergic pathway (Kuhar et al., 1975; Leranth et al., 1975; Contestabile and Fonnum, 
1983; Rotter and Jacobowitz, 1984; Sastry, 1978), where specific nicotinic acetylcholine 
receptor subunits are expressed (Lena et al., 1993). The amphibian, reptile and avian Hb 
are also cholinergic (Ciani et al., 1988; Medina et al, 1993;  Medina and Reiner, 1994). 
In fish, however, there was a long-standing question as to whether the Hb-IPN pathway is 
cholinergic since, with the exception of one report in goldfish (Villani et al., 1987), 
several studies of different teleost species failed to detect cholinergic neurons in the 
habenulae (Clemente et al., 2004; Ekstrom, 1987). This issue was recently resolved by 
the identification of cholinergic neurons in the zebrafish Hb and localization of 
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transcripts for nAChR genes in the IPN. Electrophysiology also confirmed that the Hb-
IPN neural pathway is indeed cholinergic (Hong et al., 2013) in the larval zebrafish brain.   
The mammalian IPN also receives innervation from Substance P expressing Hb 
neurons, which project mostly to the rostral, lateral and dorsomedial regions (Hamill and 
Jacobowitz, 1984; Kawaja et al., 1991). Another neuropeptide that is expressed in the 
Hb-IPN pathway is cholecystokinin (Hill et al., 1988). 
In addition to the major input from the medial habenular nuclei, the IPN also 
receives afferents from the dorsal tegmental nucleus (DTN) and raphe nucleus (RN), and 
minor inputs from the central grey and nucleus locus coeruleus in mammals (Marchand et 
al., 1980). The majority of innervation from the DTN and RN is contralateral (Shibata et 
al., 1986). Other reports describe projections to the IPN from the ventromedial diagonal 
band and the ventral hypothalamus (Jennes, 1987), but the neurotransmitters in these 
pathways are unknown. The mammalian IPN is innervated by leu-enkephalin expressing 
neurons in the nucleus incerctus, serotonergic neurons in the raphe nucleus (Morley, 
1986) and also receives GABAergic input of unknown origin (Mata et al., 1977).  
The IPN of non-mammalian vertebrates also receives afferents from brain regions 
other than the Hb. In the red-sided garter snake, the IPN exhibits gonadotropin releasing 
hormone immunoreactive fibers (Smith et al., 1997), although their origin is unclear. The 
goldfish IPN receives fibers originating from the telencephalon (Villani et al., 1996). 
Similarly, in zebrafish the IPN is innervated by histaminergic axons that are probably of 
telencepahlic origin (Kaslin and Panula, 2001). Whether this afferent input is arranged in 
a precise connectivity map with the IPN and its relationship to Hb axonal endings have 




Efferent targets of the IPN 
In mammals, neurons in the IPN project to other midbrain regions, including the DTN 
and the dorsal and median RN (Groenewegen et al., 1986). IPN neurons projecting to the 
median RN are serotonergic in the rat (Hamill et al., 1984; Singhaniyom et al., 1982).  
Recently, dye labeling experiments in zebrafish indicated that the dorsal and 
ventral regions of the zebrafish IPN project to different targets (Agetsuma et al., 2010). 
The dorsal IPN sends efferent projections to the griseum centrale (GC), which likely 
includes regions corresponding to the periaqueductual gray (PAG), DTN and nucleus 
incertus (NI) of mammals (Agetsuma et al., 2010). The NI has a role in stress related 
behaviors (Goto et al., 2001) and the PAG has been implicated in panic disorders (Graeff 
and Del-Ben, 2008). The ventral IPN projects to the median RN (Agetsuma et al., 2010), 
which that contains the highest concentration of serotonergic neurons in the brain 
(Dahlstroem and Fuxe, 1964).  
 
Functions of the IPN 
Studies performed in mammals suggest that the IPN mediates diverse functions, 
including the regulation of anxiety, reward, sleep, learning and memory, and nociception 
(Meszaros et al., 1985; Huan et al., 1992; Murphey et al., 1996; Hussain et al., 2008; 
Clark et al., 2009; Funato et al., 2010; Yamaguchi et al., 2013). Some of these functions 
have been attributed to the Hb-IPN pathway while others directly involve the IPN.  
Following genetic ablation of cholinergic neurons in the mHb, mice are unable to 
control their impulsive behavior and lose their ability to adapt to environmental changes. 
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These mice also show increased anxiety and hyperactivity (Kobayashi et al., 2013). 
Cholinergic neurotransmission in the Hb-IPN pathway has also been associated with 
reward behaviors. Common drugs of abuse, nicotine, amphetamine, cocaine and 
morphine, all alter acetylcholine neurotransmission from the Hb to the IPN. Nicotine 
causes a dose dependent decrease in extracellular level of acetylcholine in the IPN, 
whereas methamphetamine increases it (Hussain et al., 2008). In contrast, cocaine and 
morphine have a biphasic effect: low doses increase, whereas high doses decrease level 
acetylcholine release at the IPN (Taraschenko et al., 2007; Hussain et al., 2008). These 
data suggest that the Hb-IPN pathway mediates unique aspects of the rewarding effects of 
drugs (Hussain et al., 2008).  
One study indicates that lesioning of the FR reduces both the frequency and 
duration of sleep episodes in rats (Haun et al., 1992), however normal sleep patterns are 
restored following transplantation of habenular neurons. The direct involvement of IPN 
neurons in the regulation of sleep was also established in mice. When the goosecoid-like 
(gscl) gene, which is expressed only in the IPN is mutated, animals show a marked 
decrease in rapid eye movement (REM) sleep (Funato et al., 2010).  
Some earlier lesioning experiments implicated the IPN in learning and memory. 
Preoperatively learned active avoidance behavior in rats is abolished by IPN lesions and 
affected animals are unable to relearn this behavior (Thompson and Rich, 1961; Hammer 
and Klingberg, 1990). The same rats were hypoactive with diminished exploratory 
behavior, although they did not show deficits in learning and re-learning other behaviors. 
This study suggests that IPN neurons are selectively involved in active avoidance 
learning (Hammer and Klingberg, 1990). The IPN seems to play a fundamental role in 
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spatial navigation (Clark et al., 2009), as lesions impair the performance of mice in 
spatial recognition tasks (Clark and Taube, 2009). Injury of the IPN also decreases 
sensitivity to quinine uptake in rats as they do not show an aversion to its bitter taste 
(Booth, 1967). In addition to these functions, the IPN modulates the susceptibility of the 
amygdala to seizures (Chiba and Wada, 1995). When the IPN is repeatedly stimulated 
(kindled) in a rat, the animal reaches stage 5 seizures, the stage of generalized motor 
convulsions, significantly faster compared to non-stimulated ones. Lesioning of the IPN 
retards but does not prevent the amygdala response, suggesting that although the IPN is 
not a direct part of the seizure conducting pathway, it acts to increase susceptibility to 
seizures (Chiba and Wada, 1995).  
Other functions for the IPN have been described in non-mammalian vertebrates. 
For example, the IPN is involved in sexual behavior in male birds, perhaps through the 
integration of sensory/olfactory information with the activation of appropriate 
downstream motor responses (Dermon et al., 1999). In the toad Bufo paracnemis the IPN 
is important for regulating defensive behavior and analgesia. Lesions in the IPN increase 
tonic immobility, which is a defensive response that occurs during prey/predator 
encounters (Gargaglioni et al., 2001). Significant monoamine oxidase (MO) activity was 
detected in the vIPN of zebrafish (Anichtchik et al., 2006), which may be of medical 
interest since alteration in the activity of this enzyme corresponds with psychiatric and 
neurological disorders. For example, increased MO activity is associated with depression 





Zebrafish as a model to characterize the Hb-IPN neural pathway 
The zebrafish is an attractive model to study the nervous system because one can 
visualize its development owing to the transparency of the early embryo. In addition, the 
external fertilization of eggs makes it possible to study early developmental events in live 
animals that is difficult to do in mammals. By creating transgenic lines that express 
fluorescent proteins in particular regions of the brain, neuronal development (Fetcho and 
O'Malley, 1995), axon guidance, and target innervation can be studied in real-time 
(Higashijima et al., 2000; Miyasaka et al., 2005). Photoconvertible fluorescent reporters 
such as Kaede, that fluoresces under green wavelengths and upon UV-exposure is 
converted into a red fluorophore (Ando et al., 2002), can be used to study the migration 
of subsets of neurons (Wells et al., 2010) or their morphology when membrane-tagged 
Kaede is used (Scott and Baier, 2009). Fluorescently-labeled neurons can be laser ablated 
to study their functions (Roeser and Baier, 2003). Recently, photoactivable ion channels 
such as channelrhodopsin, a light gated cation channel, and halorhodopsin, a light 
activated chloride pump, have been applied to study neurons and their role in behavior 
(Arrenberg et al., 2009; Portugues et al., 2013). The zebrafish nervous system can also be 
manipulated to probe a variety of behaviors, including anxiety (Blaser et al., 2009; Egan 
et al., 2009), learning and memory (Blaser and Gerlai, 2006; Williams et al., 2002), sleep 
(Ruuskanen et al., 2005; Zimmerman et al., 2008) and fear (Agetsuma et al., 2010).  
Many aspects of brain organization are similar between zebrafish and other 
vertebrates including mammals (Mueller et al., 2008; Guo, 2009; Panula et al., 2010). It 
is well established that the Hb-IPN neural pathway is not only anatomically (Fig. 1-1), 
but also neurochemically conserved (Hong et al., 2013; deCarvalho et al., 2014), 
	  
15 
suggesting that they may be functionally similar as well, which further supports the 
usefulness of the zebrafish model to study this conduction system. 
Studies in different organisms ranging from lampreys to mammals have provided 
some descriptions of anatomical, neurochemical and functional properties of the IPN. 
Still, an integrated picture of the subnuclear organization, connectivity and molecular 
properties of the IPN is lacking. To fulfill this gap, the overall goal of my work was to 
characterize the IPN in greater detail in developing and adult zebrafish.  
A major challenge to studying the IPN in the zebrafish was the lack of appropriate 
tools. In particular, transgenic lines that label discrete populations of IPN neurons or that 
enable genetic manipulation of these neurons would be valuable for studying IPN 
connectivity and function. 
As a first step to generating new transgenic reagents, I performed RNA-seq 
experiments to identify genes that are expressed in the IPN. Not only did I identify genes 
that are transcribed in the IPN, but also some whose expression is restricted to particular 
subregions. In the course of my work, I also discovered new genes transcribed in the 
habenular region and contributed to a study to characterize neuronal subpopulations of 
the dHb, which is presented in Chapter 2. In Chapter 3, I outline how transcriptional 
profiling of the zebrafish IPN was performed and how candidate genes were validated, 
and present the results that were obtained. This analysis also led to my production of new 
transgenic tools to study Hb-IPN connectivity that are described in Chapter 4. Notably, 
my findings help define subregions of the IPN on the basis of their expression of specific 
neurotransmitters and neuropeptides and their afferent input from habenular neuronal 
subpopulations. In the concluding remarks of Chapter 5, I discuss the significance of my 
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results and how they are leading to new research directions that will ultimately provide a 
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The role of the habenular nuclei in modulating fear and reward pathways has sparked a 
renewed interest in this conserved forebrain region. The bilaterally paired habenular 
nuclei, each consisting of a medial/dorsal and lateral/ventral nucleus, can be further 
divided into discrete subdomains whose neuronal populations, precise connectivity and 
specific functions are not well understood. An added complexity is that the left and right 
habenulae show pronounced morphological differences in many non-mammalian species. 
Notably, the dorsal habenulae of larval zebrafish provide a vertebrate genetic model to 
probe the development and functional significance of brain asymmetry. Previous reports 
have described a number of genes that are expressed in the zebrafish habenulae, either in 
bilaterally symmetric patterns or more extensively on one side of the brain than the other.  
The goal of our study was to generate a comprehensive map of the zebrafish dorsal 
habenular nuclei, by delineating the relationship between gene expression domains, 
comparing the extent of left-right asymmetry at larval and adult stages, and identifying 
potentially functional subnuclear regions as defined by neurotransmitter phenotype.  
While many aspects of habenular organization appear conserved with rodents, the 
zebrafish habenulae also possess unique properties that may underlie lateralization of 









The habenular nucleus influences a wide range of behaviors, from sleep and reward to 
fear and anxiety (Bianco and Wilson, 2009; Hikosaka, 2010; Hikosaka et al., 2008; 
Klemm, 2004; Lecourtier and Kelly, 2007; Okamoto et al., 2012; Sutherland, 1982), and 
has been a recent focus in research on addiction and depression (Aizawa et al., 2013; 
Hikosaka, 2010; Hikosaka et al., 2008; Viswanath et al., 2014). Despite increasing 
functional studies, our knowledge of its organization and neuronal properties is limited. 
Moreover, many vertebrates, including zebrafish, display prominent left-right (L-R) 
differences in this dorsal diencephalic structure (Concha and Wilson, 2001), further 
complicating our understanding of habenular organization, connectivity and function.  
The habenulae of mammals consist of bilaterally paired medial and lateral nuclei 
(Gurdjian, 1925) that have different afferent input (Herkenham and Nauta, 1977) and 
efferent connections (Herkenham and Nauta, 1979). The lateral nuclei project to a variety 
of areas in the midbrain and hindbrain, whereas the medial nuclei chiefly innervate the 
unpaired interpeduncular nucleus (IPN) in the ventral midbrain (Herkenham and Nauta, 
1979). Axons from both nuclei contribute to the fasciculus retroflexus (FR) nerve bundles 
to form one of the most highly conserved conduction systems in the vertebrate brain 
(Herrick, 1948). While it was initially suggested that zebrafish only possess a habenular 
region analogous to the medial nucleus of mammals (Concha and Wilson, 2001), further 
characterization of molecular and anatomical properties confirmed the presence of both a 
dorsal and ventral nucleus (Amo et al., 2010), which, respectively, correspond to the 
medial and lateral habenulae of mammals.  
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In several vertebrate species, the medial/dorsal and lateral/ventral nuclei have 
been further subdivided into discrete neuronal populations or subnuclei largely based on 
morphological criteria (Contestabile et al., 1987; Iwahori, 1977; Marburg, 1944; Quina et 
al., 2009; Wagner et al., 2014). Four subnuclei were initially recognized in the medial 
nucleus of the well-studied rat habenula by neuronal shape and packing, neuropil density 
and neurotransmitter immunoreactivity (Andres et al., 1999; Contestabile et al., 1987; 
Geisler et al., 2003).  Antibody labeling demonstrated that neurons located more dorsally 
produce substance P (Cuello et al., 1978), while those in more ventral regions are 
cholinergic (Eckenrode et al., 1987). More recent analyses of gene expression 
corroborate this major sub-division, as well as demonstrate that genes from the vesicular 
glutamate transporter  (vglut) family are expressed throughout the habenulae (Aizawa et 
al., 2012; Quina et al., 2009). The dorsal region can be further divided into 
glutamatergic-only and substance P-expressing/glutamatergic neuronal populations by 
the localization of transcripts for vglut1and 2 and the substance P precursor, tachykinin 1 
(tac1) (Aizawa et al., 2012; Quina et al., 2009). Immunolabeling indicates that the 
cholinergic neurons largely project to the central core of the IPN, whereas substance P-
expressing neurons innervate peripheral subnuclei (Contestabile et al., 1987). Additional 
combinatorial patterns of gene expression reveal 5 distinct subnuclear regions in the 
medial habenula of the adult rat (Aizawa et al., 2012), and a recent study suggests a 
similar organization for the mouse (Wagner et al., 2014). 
 Discrete subnuclei identified in the dorsal habenulae of amphibians and fish show 
prominent differences in their size and organization between the left and right sides of the 
brain (refer to Concha and Wilson, 2001). For example, in Rana esculenta, the right 
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dorsal habenula is a single nucleus, while the left contains lateral and medial subnuclei, 
which innervate the IPN via different routes (Braitenberg and Kemali, 1970; Kemali and 
Guglielmotti, 1984). Substance P neurons are present in the left and right dorsal 
habenulae; however, but only in the lateral subnucleus on the left side (Kemali and 
Guglielmotti, 1984).  
In zebrafish, where the dorsal habenulae have emerged as a powerful genetic 
model to study the development and function of L-R asymmetry in the brain, subnuclear 
organization has been defined on the basis of patterns of gene and transgene expression. 
For example, combinatorial expression of the potassium channel tetramerization domain 
containing (kctd) genes kctd12.1, ktcd12.2, and ktcd8 revealed 6 molecularly distinct 
domains at the larval stage, with 3 differing in size between the left and right dorsal 
habenula, 2 unique to the left, and 1 unique to the right (Gamse et al., 2005). The 
transgenic line Tg(brn3a-hsp70:GFP), which was generated using regulatory sequences 
from the POU domain, class 4, transcription factor 1 (pou4f1) gene, labels neurons in the 
adult dorsal habenula in a mostly non-overlapping pattern with kctd12.1 expression 
(Aizawa et al., 2005). The brn3a and kctd12.1 domains have been proposed to 
correspond to the medial (dHbM) and lateral (dHbL) subnuclei of the dorsal habenulae, 
respectively (Aizawa et al., 2005). Integration into the neuronal activity regulated 
pentraxin (nptx2) locus generated the Tg(nptx2:Gal4-VP16) driver line, which also 
activates reporter gene expression in a largely complementary pattern to 
Tg(brn3a-hsp70:GFP) in the dHbL of the adult brain (Agetsuma et al., 2010). Habenular 
axons emanating from the dHbL are thought to innervate the dorsal, intermediate and 
most dorsal part of the ventral IPN, while those originating from dHbM neurons project 
 
22 
to the intermediate and ventral IPN (Agetsuma et al., 2010; Aizawa et al., 2005; Gamse 
et al., 2005). 
Transgenic lines have also been used to assess habenular L-R asymmetry. The 
Tg(brn3a-hsp70:GFP) labeled neuronal population is larger in the right habenula while, 
conversely, in nptx2:Gal4; UAS:DsRed2 double heterozygous fish more DsRed2-positive 
neurons are located in the left habenula. The size asymmetry between the dHbM and 
dHbL subnuclei has been attributed to a higher number of early born dHbL neurons in the 
left dorsal nucleus and later born dHbM neurons enriched on the right (Aizawa et al., 
2007). Prolonging the early period of neurogenesis may also increase the dHbL subnuclei 
and decrease the dHbM, resulting in bilaterally symmetric dorsal habenulae (Doll et al., 
2011). 
 The goal of the present study was to determine how distinct neuronal populations 
defined by neurotransmitter phenotype correspond to the previously designated 
subnuclear regions of the dorsal habenulae. Through double labeling in the larval and 
adult brain, we provide a consolidated molecular map of the dorsal habenular subnuclei 
and demonstrate that L-R asymmetric cholinergic and peptidergic subregions only 
partially overlap with the previously proposed dHbL and dHbM subnuclear organization. 
By comparing the results in zebrafish with published studies on the medial habenulae of 
the adult rodent brain, we find that specific neurotransmitter-expressing domains and 
their spatial relationships are mostly conserved, even though L-R differences are not. 
Precise definition of subnuclei is important when monitoring neuronal activity and 
interpreting behavioral responses in efforts to understand how the habenular region of the 
brain regulates its diverse functions. Moreover, performing such analyses using the 
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zebrafish model could shed light on the significance of directional asymmetry in an 
essential neural pathway. 
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Materials and methods 
 
Zebrafish   
Zebrafish were raised and housed at 27°C on a 14/10 h light dark cycle. We used the 
wild-type AB strain (Walker, 1999) and the transgenic lines TgBAC(gng8:Eco.NfsB- 2A-
CAAX-GFP)c375 (deCarvalho et al., 2013), Tg(vglut2a: loxP-DsRed-loxP-GFP )nns9 
(Miyasaka et al., 2009), Tg(brn3a-hsp70:GFP)rw0110b (also known as Tg(pou4f1-
hsp70l:GFP); Aizawa et al., 2005), Tg(nptx2:Gal4-VP16)rw0143a  (also known as 
Tg(narp:Gal4-VP16); Agetsuma et al., 2010), Tg(UAS:DsRed2)rw0135 (Agetsuma et al., 
2010), Tg(4xnrUAS:GFP)c354 (Akitake et al., 2008) and Tg(14xUAS:BGi-NLS-
emGFP)y262 (H. Burgess, personal communication). For simplicity, we refer to these 
transgenic lines as Tg(gng8:GFP), Tg(vglut:DsRed), Tg(brn3a:GFP), Tg(nptx2:Gal4), 
Tg(UAS:DsRed2), Tg(4xUAS:GFP) and Tg(14xUAS:GFP). Maintenance of zebrafish and 
experimental procedures on larvae and adults were carried out in accordance with the 
protocol approved by Carnegie Institutional Animal Care and Use Committee.  
 
RNA hybridization and immunofluorescence  
Larvae and dissected adult brains were fixed in 4% paraformaldehyde (in PBS) at 4°C 
overnight. Single and double label colorimetric RNA in situ hybridization experiments 
were performed as described previously for whole larvae (Gamse et al., 2003) and 
modified for adult brain tissue (Gorelick et al., 2008). Single and double fluorescent 
RNA in situ hybridization (FISH) or FISH coupled with immunolabeling for green 
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fluorescent protein (anti-GFP rabbit antibody; Torrey Pines TP401) was carried out as in 
a prior study (deCarvalho et al., 2013).  
To synthesize antisense RNA probe for amine oxidase, copper containing 1 
(aoc1), a 1019 base-pair fragment was PCR-amplified from the cDNA clone 
MGC154101 (Thermo Scientific) using primers GTCACTGAATACATCGTTGGCCC 
and TTGTAGACTGTAGATGTAGTTCTGATC and sub-cloned into the pCRII-TOPO 
vector using the TOPO TA Cloning kit (Invitrogen). pCRII-TOPO-aoc1 was linearized 
with ApaI and RNA transcribed with SP6 RNA polymerase. For anoctamin 2  (ano2), an 
EcoRI to NotI fragment from the cDNA clone MGC171498 (Open Biosystems) was 
subcloned into the pBluescript SK(-) vector,  linearized with EcoRI and transcribed with 
T3 RNA polymerase. A zebrafish homologue to Drosophila muscleblind-like 3 (mbnl3) 
was obtained from a zebrafish kidney cDNA library and cloned into the EcoRI  and  XhoI 
sites of the pBK-CMV vector. pBK-CMV-mbnl3 was linearized with SalI and RNA 
transcribed with T7 RNA polymerase.  
Methods for cloning and probe synthesis have been described previously for 
guanine nucleotide binding protein (G protein), gamma 8 (gng8; Thisse and Thisse, 
2004), kctd12.1 (previously known as leftover; Gamse et al., 2003), kctd8 (previously 
known as dexter; Gamse et al., 2005), kctd12.2 (previously known as right on; Gamse et 
al., 2005), solute carrier family 18 (vesicular acetylcholine), member 3b (slc18a3b; 
commonly known as vachtb; Hong et al., 2013), somatostatin1.1 (sst1.1; Thisse and 





Sectioning and microscopy  
Larval and adult brains were embedded in 4% low melt agarose (Lonza) in PBS 
(100g/ml) and sectioned with a VT1000S vibratome (Leica Microsystems, Inc.) from 50 
to 250 µm as indicated. For labeling cell nuclei, sections were stained in 4',6-diamidino-
2-phenylindole (DAPI) (Life Technologies) in PBS with 0.1% tween for 20 minutes and 
rinsed in PBS. Sections were mounted in either 50% glycerol (1:1 vol/vol with H2O), 
Aqua-Poly/Mount (Polysciences, Inc.) or Prolong Gold (Invitrogen) anti-fade mounting 
media under cover slips.  
Bright-field images were captured by an Axiocam HRc digital camera mounted 
on an Axioskop (Carl Zeiss). Fluorescent images were collected using a Leica SP5 








As summarized in 2-1, an increasing number of genes have been found to be expressed in 
the bilaterally paired dorsal and ventral habenulae of larval and adult zebrafish, and many 
of their homologues are transcribed in the corresponding medial and lateral habenular 
nuclei of rodents.  For example, similar to expression of anoctamin 1 (ano1) in the 
medial habenula of the mouse (Quina et al., 2009), ano2 is transcribed in a bilaterally 
symmetric pattern throughout the dorsal nucleus of larval zebrafish (Fig. 2-1 A), and is a 
useful marker for demarcating its boundaries. In zebrafish, the ventral nucleus was 
defined by its expression of the amine oxidase, copper containing 1 (aoc1) gene (Amo et 
al., 2010 and refer to Fig. 2-1B).   
We find that a zebrafish homologue of the muscleblind-like 3 (mbnl3) gene also 
exhibits bilaterally symmetric expression throughout the presumptive ventral nucleus 
(Fig. 2-1 C, D), providing further evidence that the ventral habenulae have a distinct 
molecular identity. However, not all genes are transcribed exclusively in the dorsal or 
ventral nucleus. Transcripts for the guanine nucleotide binding protein (G protein), 
gamma 8 (gng8) gene, for instance, are distributed in a bilaterally symmetric pattern 
similar to ano2  (Fig. 2-1 E, F) but are also found in a subset of neurons in both ventral 
nuclei (arrowheads in Fig. 2-1 E). A transgenic line produced by integration of 
membrane-tagged green fluorescent protein gene into the gng8 locus (deCarvalho et al., 
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kctd12.2 D (R>L), V La, A 
Gamse et al., 
2005  See kctd12.1 
potassium channel ktcd8 D (R>L) La, A Gamse et al., M Gamse et al., 
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tetramerization domain 8 2005 2005 
Metz et al., 
2011 
POU domain, class 4, 
transcription factor 1 pou4f1 D (R>L) La, A 
Amo et al., 
2010 M, L 
Quina et al., 
2009 
prokineticin 2 prok2 D, V A Ayari et al., 2010 M, L 
Cheng et al., 
2006 
protocadherin-10 pcdh10a V A Amo et al., 2010 L 
Aizawa et al., 
2012 
purkinje cell peptide 4 pcp4a D, V La, A Mione et al., 2006 M, L AB atlas 
reticulon 4 receptor rtn4r D, V? La Brösamle et al., 2009 M 
Josephson et 
al., 2002 
roundabout homolog 3 robo3 D, V? La Sollner and Wright, 2009 M 
Quina et al., 
2009 
si:ch211-154o6.4  D (R>L), V? La 








hacta D (R>L) La, A 
Hong et al., 
2013 M AB atlas 






V La, A 
Hong et al. 
2013 M 
Quina et al., 
2009 
solute carrier family17  
(sodium-dependent 
inorganic phosphate 
cotransporter), member 6a 
slc17a6; 
vglut2b D, V La, A 
Appelbaum 
2009 M, V 
Aizawa et al., 
2012 
solute carrier family17 
(sodium-dependent 
inorganic phosphate 
cotransporter), member 6b 
slc17a6; 
vglut2a D, V La, A 




M, V Aizawa et al., 2012 
solute carrier family17  
(sodium-dependent 
inorganic phosphate 
cotransporter), member 7 
slc17a7; 
vglut1 D (L>R) A 
Bae et al., 
2009 M 
Aizawa et al., 
2012 
spondin 1b spon1b D, V La, A 
Gamse et al., 
2003; 
Akle et al., 
2012 
M AB atlas 
synuclein, gamma b  sncgb D (L>R) La, A 
Milanese et 
al., 2012 
Chen et al., 
2009 
M Quina et al., 2009 
tachykinin 1 tac1 D (R>L) A Hong et al., 2013 M 
Quina et al., 
2009; Aizawa 
et al., 2012 
tachykinin 3a (formerly 
tac2a) tac3 
D (R>L), 
V? La, A 
Biran et al., 
2012; 
Ogawa et al., 
2012 
No 
homolog AB atlas 
transient receptor potential 
cation channel, subfamily 
C, member 1 
trpc1 D (L>R) La 
von 
Niederhäusern 
et al., 2013 
M, L AB atlas 
transient receptor potential 
cation channel, subfamily 
C, member 5a 
trpc5a D, V? La 
von 
Niederhäusern 
et al., 2013 
M, L? Fowler et al., 2007 
transient receptor potential 
cation channel, subfamily 




D, V La Kastenhuber et al., 2013 M 
Oberwinkler 
et al., 2005 
unc-51-like kinase 2 ulk2 D (R>L), V La 
Taylor et al., 
2011 Neither AB atlas 
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uncoupling protein 2 ucp2 D, V A Tseng et al., 2011 Neither AB atlas 
vertebrate ancient long 
opsin b valopb D, V? La 
Kojima et al., 
2008 Neither AB atlas 
wingless-type MMTV 
integration site family, 
member 4a 
wnt4a D La Hendricks et al., 2008 Neither AB atlas 
Table 2-1. Gene expression in the zebrafish habenulae and homology with rodents 
Listed are genes found to be transcribed in regions of the dorsal (D) and/or ventral (V) habenular 
nuclei for larval (La) or adult (A) zebrafish, as determined by RNA in situ hybridization. Questions 
marks indicate where published data are unclear. Expression of homologous genes in the medial (M) 
and/or lateral (L) habenular nuclei of rodents is also noted. References are provided for the zebrafish 
and rodent studies. AB atlas signifies the Allen Mouse Brain Atlas, available 
from: http://mouse.brain-map.org, ©2012 Allen Institute for Brain Science.  
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Figure 2-1. Bilaterally symmetric and left-right asymmetric gene expression in the 
larval habenular nuclei  
(A) Symmetric expression of the ano2 gene delineates the boundaries of the dorsal 
habenular nuclei, whereas (B) aoc1 (Amo et al., 2010) and (C, D) mbnl3 transcripts 
localize to the ventral habenular nuclei. (E, F) Symmetric expression of gng8 
encompasses the entire dorsal habenulae, and is found in a subset of cells in the ventral 
nucleus (arrowheads). (G) The kctd12.1 and (I) kctd8 genes show predominant 
expression in the left or right side, respectively (Gamse et al., 2005), which is confined 
within the boundaries of the dorsal nuclei (H, J). (K) kctd12.2 transcripts are more 
abundant in the right dorsal nucleus (Gamse et al., 2005), and (L) also found bilaterally 




Additionally, a number of genes show L-R asymmetric expression in the dorsal 
habenular nuclei (e.g., Agetsuma et al., 2010; Aizawa et al., 2005; Amo et al., 2010; 
Gamse et al., 2005; Kuan et al., 2007; Taylor et al., 2011 and refer to Table 2-1). 
Members of the potassium channel tetramerization domain containing gene family were 
first discovered to exhibit L-R differences, with transcripts for kctd12.1 and kctd8 more 
extensive on the left and right sides, respectively (Gamse et al., 2005 and Fig. 2-1 G, I). 
Double labeling confirms that expression of both genes is confined within the limits of 
the ano2-expressing dorsal habenular nuclei (Fig. 2-1 H, J). kctd12.2 is not only 
expressed to a greater extent in the right dorsal nucleus (Fig. 2-1 K), but also bilaterally 
in a subset of cells in the ventral habenular nuclei (Fig. 2-1 L, arrowheads). Although 
gene expression patterns such as these appear to demarcate discrete subregions within the 
dorsal habenulae, how such asymmetric domains correlate with functional subnuclei is 
unclear.  
 
Discrete asymmetric cholinergic and peptidergic subnuclei of the larval dorsal 
habenulae  
In mammals, as described above, habenular subnuclei have been identified on the basis of 
neurotransmitter phenotype and neuronal connectivity. Recent work by Hong et al. 
(2013) demonstrated that the zebrafish larval habenula contains glutamatergic and 
cholinergic neurons as early as 4 days post-fertilization (dpf). We determined the position 
of these neuronal groups more systematically using the gng8:GFP transgenic background 
or with respect to the asymmetric expression of kctd12.1. In Tg(gng8:GFP) larvae, 
neurons labeled with membrane-tagged GFP are found throughout the dorsal habenulae 
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(Fig. 2-2 A, B) and more sparsely in the ventral nucleus (arrowheads). Co-labeling with 
vglut2a:DsRed,, indicates that these neurons are all glutamatergic (Fig. 2-2 C, D). In the 
ventral nucleus, vglut2a:DsRed expression is more widespread than gng8:GFP.  
Expression of the vesicular acetylcholine transporter b gene (vachtb) demarcates 
the L-R asymmetric cholinergic regions of the dorsal habenulae as well as the bilaterally 
symmetric ventral nuclei (Hong et al., 2013). Double fluorescence RNA in situ 
hybridization demonstrates that vachtb and kctd12.1 have complementary patterns of 
expression (Fig. 2-2 E, F); thus, the kctd12.1-positive region corresponds to the non-
cholinergic territory of the dorsal habenulae. In mammals, this non-cholinergic region 
contains substance P-expressing neurons. Transcripts for the zebrafish substance P 
precursor tachykinin (tac1) are not detected in the habenular region as early as 4 d, 
although they are present elsewhere in the brain (data not shown).  
However, we find that the neuropeptide encoding gene somatostatin1.1 (sst1.1) is 
expressed at this stage, in a lateral subdomain of the dorsal habenula (Fig. 2-2 G, H). The 
sst1.1 neuronal population is located within the non-cholinergic kctd12.1-expressing 
territory and is larger on the right side of the brain than the left (Fig. 2-2 I, J). Analyses of 
the combinatorial gene expression patterns in 4 d larvae, therefore, indicate that neurons 
of the dorsal habenulae are all glutamatergic, with a portion of them possessing either a 
cholinergic or sst1.1 identity.  In the larval brain, the non-overlapping cholinergic and 
somatostatin neuronal populations are significantly larger in the right dorsal habenula 
compared to the left. 
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Figure 2-2.  L-R asymmetric cholinergic and peptidergic subdomains of the larval dorsal 
habenulae 
(A, B) gng8:GFP labeling detected by anti-GFP immunofluorescence  is coextensive with ano2 in the 
dorsal habenular nuclei. The membrane-tagged GFP also labels a subpopulation of neurons in the 
ventral nucleus (arrowheads). (C, D) vglut2a:DsRed labels neurons throughout the dorsal and ventral 
habenulae. (E, F) vachtb and kctd21.1 are expressed in different neuronal populations, which are 
more intermingled in the right habenula than the left. (G, H) vachtb is transcribed in a non-
overlapping pattern with sst1.1-expressing neurons located in a lateral subregion of the dorsal 
habenula. (I, J) The sst1.1-expressing cells are confined within the kctd12.1 domain and are more 
abundant in the right dorsal habenula than the left. All larvae are 4 d. Scale bars =30 µm. 
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ano2 anti-GFP merge 
vglut2a:DsRed gng8:GFP merge 
vachtb kctd12.1 merge 
vachtb sst1.1 merge 
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Asymmetric neurotransmitter-specific subpopulations are retained in the adult 
dorsal habenulae 
We next examined whether L-R asymmetric neuronal populations are maintained during 
the morphological changes that accompany formation of the adult zebrafish brain (refer 
to Amo et al., 2010). As in the larva, neurons throughout the dorsal and ventral habenular 
nuclei of adult zebrafish are glutamatergic as revealed by DsRed labeling from the 
vglut2a transgenic reporter (Fig. 2-3 A). In the adult, the cholinergic territory is more 
extensive in the left habenula (Fig. 2-3 B, C) compared to the larval stage (Fig. 2-2 E, F). 
At the border, cholinergic and non-cholinergic cells are clearly distinct populations in the 
left dorsal nucleus, whereas some intermixing of vachtb and kctd12.1-expressing cells is 
observed in the right habenula (arrowhead, Fig. 2-3 C). The sst1.1 and vachtb expression 
domains are also non-overlapping in the left habenula (Fig. 2-3 D, E), although a subset 
of cells appears to express both genes in the right dorsal habenula (Fig. 2-3 E, 
arrowhead).  
The neuropeptide encoding genes sst1.1 and tac1 are expressed by distinct 
neuronal populations within the kctd12.1-positive, non-cholinergic territory (Fig. 2-3 F, G 
and 2-3 H, I, respectively), (Fig. 2-3 J, K). As in the larva, the sst1.1-expressing domain 
is larger in the right habenula (Fig. 2-3 F, J).  Overall, the cholinergic and peptidergic 
territories are preserved between the larval and adult stages; however, some neurons in 
the right habenula exhibit an overlap in sst1.1 and vachtb expression that was not 
detected at the larval stage. 
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Figure 2-3. Neurotransmitter subpopulations of the adult dorsal habenulae 
(A) Tg(vglut2a:DsRed) is expressed throughout the dorsal and ventral habenulae. B, D, F, H, J are z-
stack maximum projections of the  dorsal habenula. C, E, G, I, K are magnified views of a single 
focal plane.  (B) Complementary expression pattern of vachtb and kctd12.1 (z volume = 56 µm) with 
(C) no overlap on the left but some intermingling of cells in the right nucleus (arrowhead). (D) vachtb 
and sst1.1 are mainly expressed in different neuronal populations (z volume = 53 µm) except for (E) a 
small subset of co-expressing cells in the right habenula (arrowhead). (F, G) sst1.1 is mainly co-
expressed within the kctd12.1 domain (z volume= 69 µm). (H, I) tac1 is also co-expressed with 
kctd12.1, (z volume= 64 µm) (J) sst1.1 and tac1 are transcribed in distinct neuronal populations (z 
volume= 14 µm). All images are of coronal sections and, except for Figs. J, K, were stained with 
DAPI, represented in the blue channel. Scale bars (A, B, D, F, J) =100 µm (C, E, G, I, K) = 50 µm  
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vachtb sst1.1 merge 
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Partial correspondence of neurotransmitter-expressing subdomains with habenular 
transgenic reporters 
Zebrafish transgenic lines that label habenular neurons with fluorescent proteins have 
been used to define dorsal habenular subregions, to trace axonal connections to the IPN, 
and in behavioral studies following neuronal ablation or inactivation (Agetsuma et al., 
2010; Aizawa et al., 2005; Lee et al., 2010). Notably, Tg(brn3a:GFP) was designated as 
labeling the dHbM subnucleus and Tg(nptx2:Gal4) as driving expression in the dHbL 
(Agetsuma et al., 2010; Aizawa et al., 2005; Okamoto et al., 2012).  After establishing 
the gene expression patterns and neurotransmitter identity of habenular subregions, we 
sought to determine how this regionalization corresponds with habenular labeling by 
these transgenes.  
We mated Tg(brn3a:GFP) and Tg(vglut2:DsRed) carriers and observed that all 
GFP-positive cells in the habenulae of their larval progeny co-express DsRed (Fig. 2-4 A, 
B), indicating that brn3a:GFP-positive cells are glutamatergic. In the dorsal habenulae of 
adults, the brn3a:GFP labeled region was found to overlap only partially with the 
cholinergic territory as defined by vachtb expression (Hong et al., 2013). We observed a 
similar pattern at the larval stage, with distinct neuronal populations that were either co-
labeled, vachtb positive/brn3a:GFP negative (Fig. 2-4 C, arrowhead) or vachtb 
negative/brn3a:GFP positive (Fig. 2-4 C, arrow). Thus, the dorsal habenular subregion 
labeled by the brn3a:GFP transgene does not fully encompass a cholinergic subnucleus. 
Although the brn3a-GFP labeled neurons were designated as a distinct subnucleus in the 
adult habenula from that  labeled by Tg(nptx2:Gal4); Tg(UAS:DsRed2) (Agetsuma et al.,  
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Figure 2-4. Partial correspondence of neurotransmitter subdomains and habenular transgenic 
reporters  
(A, B) Coextensive labeling of habenulae by brn3a:GFP and vglut2:DsRed indicates that 
brn3a:GFP-positive cells are glutamatergic. (C) Detection of vachtb RNA by in situ hybridization 
and brn3a:GFP by anti-GFP immunolabeling reveals vachtb-positive/brn3a:GFP-negative 
(arrowhead), vachtb-negative/brn3a:GFP positive (arrow) as well as region of co-expression. (D) 
nptx2:Gal4;UAS:DsRed2-labeled neurons have areas of overlap at the boundaries of the brn3a:GFP-
labeled population (arrowheads) (E) sst1.1-expressing neurons are distinct from the brn3a:GFP-
labeled population, which were detected by anti-GFP immunolabeling. (F) The 
nptx2:Gal4;UAS:DsRed2 transgene labels neurons sparsely in the left and right habenulae. (G, H) 
4xUAS:GFP activated by nptx2:Gal4 labels relatively more neurons in the left and less in the right 
dorsal habenular nucleus compared with UAS:DsRed2. (I) sst1.1 expression is confined to the lateral 
subregions of the nptx2:Gal4;14xUAS:GFP dorsal habenular domain (arrowheads) detected by anti-
GFP immunolabeling. All larvae are 4 d. Scale bars =30 µm. 
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2010), some neurons co-label with both fluorescent proteins in the larval dorsal habenula 
(Fig. 2-4 D, arrowheads). 
Consistent with their location in the kctd21.1 positive non-cholinergic territory, 
sst1.1-expressing neurons were not co-labeled by the brn3a:GFP transgene (Fig. 2-4 E). 
These cells were found in a similar region of the dorsal habenula as neurons labeled by 
the nptx2:Gal4 and UAS:DsRed2 transgenes. Upon determining whether the sst1.1 
neurons co-express nptx2:Gal4, we unexpectedly found that the extent of labeling varied 
significantly depending on the UAS-regulated transgenic reporter that was activated by 
this Gal4 driver (compare Fig. 2-4 F and G, H). However, despite the variability in 
labeling between lines, only a subset of sst1.1-expressing neurons were co-labeled by the 
nptx2:Gal4 driver for the three UAS-regulated reporters tested (Fig. 2-4 I). Thus, 
expression driven by Tg(nptx2:Gal4) does not represent a discrete somatostatin neuronal 
population. 
 
Habenular connectivity with the IPN  
 
Although transgenic labeling in the dorsal habenulae does not appear to correspond to 
specific neuronal populations defined by neurotransmitter/neuropeptide expression, it is 
still useful for examining connectivity with the IPN. In zebrafish larvae and adults, the 
gng8:GFP transgene labels all dorsal habenular neurons (Fig. 2-2 A) and their GFP-
positive axons that terminate throughout the IPN (Fig. 2-5 A, B, D, J). Because GFP is 
membrane-tagged in this line, discrete axonal densities can be recognized in a stereotypic 
pattern in sagittal sections of the adult IPN (Fig. 2-5 A), with a minimum of 2 dorsal (D-i 
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and D-ii) and 3 ventral clusters (V-i, V-ii and V-iii). An intermediate (I), horseshoe-
shaped zone of innervating fibers separates the dorsal and ventral axonal bundles. The 
stereotypic morphology of axonal bundles at the IPN is already apparent at 4 d (Fig. 2-5 
J).  
Using Tg(brn3a:GFP) zebrafish, it had been previously shown that GFP labeled 
habenular axons predominantly terminate in the intermediate and ventral regions of the 
adult IPN (Aizawa et al., 2005) and axons labeled by Tg(nptx2:Gal4);Tg(UAS:DsRed2) 
innervate the dorsal, intermediate and ventral IPN (Agetsuma et al., 2010). We 
corroborated these results and found that, more specifically, in the ventral IPN of adult 
zebrafish, the brn3a:GFP terminals primarily contribute to the V-i and V-iii axon 
bundles (Figs. 2-5 B, E) and those labeled by the nptx2:Gal4 driver and UAS:DsRed2 
reporter innervate the V-ii bundle (Figs. 2-5 C, F). By mating Tg(brn3a:GFP) and 
Tg(nptx2:Gal4);Tg(UAS:DsRed2) carriers, the relative extent of GFP and DsRed2 axon 
terminals along the dorsoventral IPN was examined in transgenic larvae.  
At 4 d, a largely similar pattern of innervation was found in IPN subregions as in 
the adult (Fig. 2-5 H, K). Because neurons in the left habenula were more extensively 
labeled when the nptx2:Gal4 transgenic driver was used to drive 4xUAS:GFP (Fig. 2-4 
G, H), we compared the profiles of innervating axons at the IPN using the two 
fluorescent reporter lines. Habenular efferents were weakly labeled by the UAS:DsRed2 
transgene in subregions of the dorsal and ventral IPN (Fig. 2-5 H, K). Significantly more 
GFP-labeled axon terminals were observed in the D-i, D-ii and, I regions with the 
4xUAS:GFP line (Fig. 2-5 I, L), consistent with this reporter being activated to a greater 
extent in the left habenula (Fig. 2-4 G, H).  
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Figure. 2-5. Habenular connectivity with the IPN revealed by transgenic reporters  
gng8:GFP labeled habenular axons terminate in discrete, stereotypic bundles in the dorsal (D), 
intermediate (I) and ventral (V) IPN of (A, D) adult and (G, J) larval brains. (b, e) In the adult brain, 
brn3a:GFP labeled dorsal habenular neurons predominantly contribute to the D-ii, intermediate and V-i 
and V-iii bundles and (C, F) nptx2:Gal4;UAS:DsRed2 labeled axons terminate in the D-i, D-ii, 
intermediate and V-ii IPN bundles. (H, K) In the 4 d larval brain, IPN innervation patterns are similar to 
the adult when the UAS:DsRed2 reporter is used. (I, L) However, with Tg(4xUAS:GFP) regulated by the 
nptx2:Gal4 driver, labeled fibers preferentially innervate the dorsal and intermediate IPN. Scale bars (A-
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Because brn3a:GFP labels many cholinergic neurons but not sst1.1-expressing 
neurons, and the axons of brn3a:GFP positive neurons predominantly innervate the D-ii,  
I ,V-i and V-iii regions of the IPN, we expect that these IPN regions receive cholinergic 
input.  With only partial overlap between sst1.1- and nptx2:Gal4-expressing populations, 
it is difficult to infer the precise pattern of connectivity of this neuronal subgroup with 
certainty; however, efferents from the somatostatin neurons are expected to contribute to 
some of the same subregions of the IPN as the neuronal populations labeled by the nptx2 







In the nervous system, it is generally assumed that discrete clusters of neurons exhibiting 
the same neurotransmitter phenotype fasciculate to innervate specific target regions and 
function together. In addition to their shared expression of particular neurotransmitters or 
neuropeptides, brain nuclei or their component subnuclei are defined by neuroanatomical 
features such as cell cluster size, density of cell packing, neuropil structure or stereotypic 
position. The significance of nuclear designations is especially relevant when modern 
genetic methods are employed to eliminate or modify brain regions for insights into their 
roles in physiology and behavior. These approaches have been applied to the study of the 
habenular nuclei in mammalian and non-mammalian systems (Agetsuma et al., 2010; Lee 
et al., 2010; Quina et al., 2009; Yamaguchi et al., 2013); however, detailed information 
about the precise subregions that are affected would allow more rigorous functional 
correlations.  
  The goal of this study was to generate a consolidated map of the habenular region 
in larval and adult zebrafish, by reexamining the expression of widely used genetic 
markers, describing the spatial expression patterns of newly identified genes, and 
determining how this information corresponds with neurotransmitter profiles and cell 
populations labeled by transgenic reporters. In addition, we further characterized the 






Designation of habenular subnuclei  
The dorsal habenulae in the adult zebrafish brain have been subdivided into medial and 
lateral subnuclei on the basis of Tg(brn3a:GFP) labeling and by expression of kctd12.1 
or directed by the Tg(nptx2:Gal4) driver (Agetsuma et al., 2010; Aizawa et al., 2005). 
The designation of the medial subdivision is further supported by experiments showing 
that brn3a:GFP positive and negative neurons have different birthdates, and that L-R 
differences in the timing of neurogenesis later contributes to the formation of asymmetric 
brn3a-labeled populations. Several lines of evidence, however, suggest that the regions 
defined by these transgenic tools may not represent discrete, functional subnuclei. 
Although initially defined as corresponding to distinct subnuclei, the kctd12.1 and brn3a 
domains do not appear to be completely segregated in the adult dorsal habenulae (Aizawa 
et al., 2005).  In addition, the reported patterns of brn3a:GFP and nptx2:Gal4; 
UAS:DsRed2 labeled neurons fail to recapitulate endogenous gene expression, which 
appears more widespread in the habenular region for both genes (Agetsuma et al., 2010; 
Aizawa et al., 2005; Aizawa et al., 2007).  
Partial overlap in labeling from the brn3a:GFP and nptx2:Gal4 transgenes in the 
larval habenula further suggests that expression of these markers does not correspond to 
discrete subnuclei. While the brn3a:GFP population significantly overlaps with vachtb-
expressing neurons in the larval dorsal habenula, a subset of cholinergic neurons are not 
labeled by this transgene.  Similarly, the region of the dorsal habenulae labeled by the 
nptx2:Gal4 transgenic driver only partially overlaps with somatostatin1.1-expressing 
neurons. Together, these findings suggest that caution should be taken in interpreting 
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brn3a:GFP and nptx2:Gal4; UAS:DsRed2 transgenic labeling as representative of 
functional habenular subnuclei at least for larval stages. 
 
Distinct neuronal populations in the zebrafish dorsal habenula defined by 
neurotransmitter identity 
The significance of subdomains of gene expression in the zebrafish habenulae is largely 
unknown. As a first step, we sought to determine how they might correlate with specific 
neuronal subgroups by examining the expression of zebrafish homologues for genes 
indicative of neurotransmitter identity. This approach avoids potential problems 
associated with using antibodies that are typically generated against mammalian antigens. 
We examined larval and adult stages, as some neurons are known to undergo changes in 
neurotransmitter phenotype over time (e.g., Landis and Keefe, 1983; Spitzer, 2012)  
and new neuronal subgroups may also arise.  
The analysis of larval zebrafish revealed that cholinergic neurons are a distinct 
population from cells expressing kctd12.1, which encodes a protein shown to associate 
with gamma-aminobutyric B (GABAB) receptors to influence their pharmacology and 
signaling properties (Ivankova et al., 2013; Schwenk et al., 2010) and to promote 
formation of dense neuropil in the zebrafish dorsal habenula (Taylor et al., 2011). 
Instead, we found that the kctd12.1 domain contains somatostatin1.1-expressing 
peptidergic neurons.  
All neurons of the zebrafish dorsal and ventral habenulae are glutamatergic.  In 
the asymmetric dorsal habenulae of larval zebrafish, the left habenular nucleus is mainly 
composed of a glutamatergic-only subregion with additional small cholinergic and sst1.1 
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clusters. In contrast, the right nucleus largely consists of expanded cholinergic and sst1.1 
subregions.  
 During maturation of the zebrafish brain to its adult form, the presumptive ventral 
nuclei become repositioned ventromedially (Amo et al., 2010), but the relative positions 
of subnuclear territories within the dorsal nuclei largely appear the same. Left-right 
differences in the size of neurotransmitter expressing populations, however, are less 
pronounced. Notably, at 4 d there is only a small cluster of cholinergic neurons in the left 
dorsal habenula, but by adulthood the proportion of neurons that express cholinergic 
genes is more similar between the left and right nucleus. In adults, both habenula also 
acquire a tac1-expressing subdomain (Hong et al., 2013), in addition to the cholinergic, 
sst1.1 and glutamatergic-only subregions.  
Curiously, while the boundaries between these four neuronal populations are 
discrete in the left dorsal habenula, they are not as well demarcated on the right, due to 
intermixing of neurons expressing different neurotransmitters. It is the left habenula of 
zebrafish that receives preferential innervation from the parapineal organ, an accessory to 
the pineal organ, which in most individuals is asymmetrically positioned to the left of the 
pineal. The parapineal influences the gene expression and neuroanatomical properties of 
the left dorsal habenula that distinguish it from the right (Concha et al. 2003; Gamse et 
al., 2003). It is tempting to speculate that parapineal neurons may also serve to refine 
subnuclear organization, ensuring the formation of precise boundaries between 
peptidergic and cholinergic clusters in the left habenula.  In certain frogs, the 
photoreceptive frontal organ sends asymmetric projections across the left habenular 
nucleus (Eldred et al., 1980; Guglielmotti and Cristino, 2006; Kemali and De Santis, 
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1983) and the left habenula contains distinct cholinergic and substance P subnuclei 
(Kemali and Guglielmotti, 1984; Marin et al., 1997). The right habenula also has 
cholinergic and substance P neurons (Kemali and Guglielmotti, 1984; Marin et al., 1997); 
however, as in zebrafish, the boundaries between these neuronal populations are not as 
clearly delineated as on the left. In mammals, where there is no structure analogous to the 
parapineal, deep pineal neurons project to both medial habenular nuclei (Korf et al., 
1990), and both exhibit distinct cholinergic and substance P subnuclei (Cuello et al., 
1978). Whether innervating parapineal or pineal neurons play a role in the refinement of 
the habenular map into discrete subnuclear compartments remains to be demonstrated 
experimentally. 
From the analysis of neurotransmitter and neuropeptide producing neuronal 
populations, we present a schematic map of the dorsal habenulae of larval and adult 
zebrafish (Fig. 2-6 A). It is important to stress that this is only a preliminary map, as it is 
highly likely that additional neuropeptides or transmitters are co-expressed with 
glutamatergic neurons and located in other subregions of the dorsal habenulae. For 
example, cells immunoreactive for thyrosine hydroxylase important in L-DOPA synthesis 
have been identified in the medial habenulae of alpaca (Marcos et al., 2013) and mRNA 
encoding orphanin FQ as well as this neuropeptide were localized to the rat medial 
habenulae (Neal et al., 1999). Indeed, as indicated in Table 2-1, genes encoding 
tachykinin 3a (Biran et al., 2012; Ogawa et al., 2012) and receptors for glutamate (Haug 
et al., 2013), serotonin (Norton et al., 2008) and hypocretin (Appelbaum et al., 2009) 
show enriched expression in subregions of the zebrafish dorsal habenulae, suggestive of 
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Figure 2-6. Model of dorsal habenular neurotransmitter populations and their IPN connectivity  
(A) Transverse views of the dorsal/medial habenular nuclei. Prominent L- R differences in  
neurotransmitter distribution in the dorsal habenulae of larval zebrafish become less pronounced in 
the adult brain. In adult brains, the overall organization of glutamatergic, cholinergic and peptidergic 
populations is conserved between the dorsal habenula of zebrafish and medial habenula of the mouse 
(based on neuroanatomical data from Quina et al., 2009 and the Allen Mouse Brain Atlas). However, 
somatostatin and cholinergic neurons are in distinct populations in the zebrafish habenulae, which has 
not been reported for rodents. (B, C) Sagittal views of stereotypic axon terminal bundles at the 
interpeduncular nucleus of larval and adult zebrafish. In (B), habenular axon terminals labeled by 
either the brn3a:GFP or nptx2:Gal4 transgenes are mostly enriched in different subregions of the 
IPN, (C) Predicted afferent input to the IPN. The projections of cholinergic neurons are limited to the 
ventral and intermediate IPN; whereas those of peptidergic (sst1.1 and tac1) neurons are expected to 
be found at the dorsal IPN, intermediate IPN and/or V-ii region of the ventral IPN.  
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Designating subnuclei in the zebrafish habenulae on the basis of neurotransmitter 
identity enables a more direct comparison with mammalian brains, in efforts to uncover 
the habenular subregions and circuitry modulating a wide variety of behaviors. In 
rodents, the medial habenulae are bilaterally symmetric and contain glutamatergic 
neurons (Barroso-Chinea et al., 2007; Qin and Luo, 2009), which have been subdivided 
into dorsal and ventral subnuclei depending on whether they utilize substance P or 
acetylcholine (Aizawa et al., 2012; Contestabile et al., 1987; Cuello et al., 1978; 
Lecourtier and Kelly, 2007; Quina et al., 2009). Recent work reveals an additional 
glutamatergic-only subnucleus, which is found medially to the substance P subnucleus 
(Aizawa et al., 2012). The location and organization of subnuclei designated by 
neurotransmitter phenotype in the dorsal habenulae of adult zebrafish is strikingly similar 
to that of the rodent medial habenulae. An exception is the presence of somatostatin 
neurons, which has not yet been described for the rodent medial habenula. Somatostatin-
immunopositive fibers are found only in the lateral habenulae of the postnatal rat 
(Shiosaka et al., 1981). However, images from the Allen Brain Atlas indicate that the sst 
gene is transcribed in neurons in the medial habenula of the mouse, in the same region 
where cholinergic neurons are located. Further studies are needed to ascertain the 
location of these neurons relative to the cholinergic population, in order to determine 
whether there is a distinct somatostatin-producing subnucleus as in the zebrafish dorsal 
habenula. 
 
Connectivity of dorsal habenular subnuclei with the IPN  




retroflexus to terminate at the interpeduncular nucleus (refer to Kappers et al., 1936; 
Sutherland, 1982)). From the accumulations of terminating fibers, the structure of the 
IPN has been well defined in rodents as consisting of 3 unpaired (rostral, apical, central) 
and 4 paired (intermediate, lateral, rostral lateral, dorsal lateral) subdivisions in a 
consensus nomenclature put forward by Lenn and Hamill (1984) 
Lesioning studies, histochemistry and immunoreactivity have revealed the 
presence of a wide variety of neurotransmitters and neuropeptides in axons terminating 
within particular subdivisions of the IPN  (reviewed by Morley, 1986). 
Visualization of a transgenic line with expression of membrane-tagged GFP under 
the control of gng8 regulatory sequences (deCarvalho et al., 2013) provides a complete 
picture of innervation of the zebrafish IPN by dorsal habenular neurons. As with previous 
dye labeling and immunolabeling experiments (Aizawa et al., 2005; Gamse et al., 2005; 
Tomizawa et al., 2001), the axon terminals of habenular neurons can be readily 
distinguished as contributing to bundles in dorsal, intermediate and ventral regions of the 
larval and adult IPN. However, because our understanding of the zebrafish is far from 
complete, it is premature to assign a nomenclature analogous to that proposed for 
mammals (Lenn and Hamill, 1984). We, therefore, designated IPN afferent input as 
consisting of two dorsal (D-i and D-ii) and three ventral (V-i, V-ii, and V-iii) axonal 
densities and an intermediate fiber bundle (I) that separates them on the basis of the 
stereotypic morphology of GFP labeled afferents (and refer to Fig. 11 in Agetsuma et al., 
2010). Moreover, we find that the pattern of innervating fibers is already in place in the 
IPN of 4 d larvae. This simplified naming strategy must be modified as more information 
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is obtained about the precise homology with mammalian IPN subdivisons and the 
distribution of synaptic terminals expressing different neurotransmitters. 
Previous work had demonstrated that that brn3a:GFP and nptx2:Gal4 transgenic 
lines primarily label different neuronal populations in the dorsal habenulae of adult 
zebrafish, which innervate largely distinct dorsoventral regions of the IPN (Agetsuma et 
al., 2010). Overall, our findings support this connectivity map for the adult, with the 
potential for overlapping input in the D-ii and I IPN subregions (shown in Fig. 2-6 B).  In 
4 d larvae, these transgenes label innervating fibers throughout the IPN, although they are 
more concentrated in certain subregions at this early stage. For example, brn3a:GFP 
labeled axons predominate in the V-i density and to a lesser extent in V-iii.  Because the 
pattern of neuronal labeling in the larval habenula depends on the UAS reporter under 
nptx2:Gal4 control, the location of labeled axons also varied between lines. With the 
UAS:DsRed2 reporter that labeled neurons sparsely in both habenulae, axonal endings 
were enriched in the D-i and V-ii bundles, relative to the brn3a:GFP labeled terminals. 
However, when a significantly larger group of neurons in the left habenula was labeled 
by 4xUAS:GFP, innervating axons were primarily detected in the D-i, D-ii and I regions 
of the IPN.  
 Differences in the pattern of IPN innervation between larval and adult stages, 
such as the strongly labeled V-ii terminal bundle present in nptx2:Gal4 transgenic adults 
or the increase in brn3a:GFP labeled terminals in the V-iii region, are likely the outcome 
of differential neurogenesis in subregions of the developing dorsal habenular nuclei and 
continued axonal outgrowth to target regions. Understanding how and when new 
neuronal populations arise, such as the expanded cholinergic cluster on the left or the 
 
55 
bilateral tac1-expressing groups, will help clarify how the habenulo-interpeduncular 
connectivity map evolves over time.  
 We can predict the most likely sites of cholinergic and peptidergic afferent input 
to the IPN from the partial overlap between neurotransmitter expression and transgene 
labeling in dorsal habenular neurons. As depicted schematically in Fig. 2-6 C, cholinergic 
neurons are expected to terminate in the D-ii, I and V IPN regions, owing to the majority 
of them being labeled by brn3a:GFP. Based on partial overlap with the nptx2:Gal4 
driver and lack of co-expression with brn3a:GFP, the contribution of sst1.1-expressing 
neurons would be limited to the dorsal IPN, intermediate IPN, and V-ii region of the 
ventral IPN. A similar profile is expected for substance P neurons in the adult brain based 
on the location of tac1-expressing neurons within the brn3a:GFP negative region (Hong 
et al., 2013). While the proposed connectivity map provides a useful guide, it is an 
oversimplification that rests on indirect inferences and will need to be validated by the 
production and analysis of transgenic lines that selectively label each neurotransmitter-
expressing population of the dorsal habenulae.   
 
L-R asymmetry in IPN connections 
The value of having a framework to classify afferent input is that it helps resolve a 
discrepancy concerning how left and right habenular neurons connect with the IPN in the 
zebrafish brain. One model suggests that the left habenula primarily projects to the dorsal 
IPN and the right habenula innervates the ventral IPN in a laterotopic manner (Aizawa et 
al., 2005; Bianco et al., 2008). Results from dye labeling, immunolabeling and transgenic 
labeling of habenular axons, however, indicate a more complicated scenario with 
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differing proportions of neurons from the left and right sides of the brain contributing to 
both the dorsal and ventral IPN (Agetsuma et al., 2010; Beretta et al., 2012; Gamse et al., 
2005; Kuan et al., 2007; Okamoto et al., 2012). For the right habenula of the larval brain, 
we hypothesize that the significantly larger cholinergic subnucleus innervates the ventral 
IPN. In the left habenula, the smaller cholinergic neuronal cluster would also project to 
the ventral IPN while the larger population of non-cholinergic neurons would innervate 
the dorsal IPN.  
This revised model can explain two previous puzzling observations. First, when 
the parapineal is ablated and the left dorsal habenula adopts the molecular profile and 
neuroanatomical properties of the right dorsal habenula, the vast majority of habenular 
efferents project to the ventral IPN (Gamse et al., 2005; Kuan et al., 2007). These 
projections are presumed to emanate from the large cholinergic subnucleus that, 
following loss of the parapineal, is present in the left as well as the right dorsal habenula 
(K. Santhakumar, T. deCarvalho and M.E. Halpern, unpublished observations).  
However, a small axonal bundle remains at the dorsal IPN (Gamse et al., 2005) that may 
represent the efferents of peptidergic neurons present in both habenulae. Second, a study 
analyzing the projections of individual neurons described distinct axonal morphologies 
for cells labeled in the left dorsal habenula versus the right (Bianco et al., 2008). Axons 
with the left morphology (L-typical) exhibit a greater degree of arborization and 
innervate an extensive region of the IPN and those with the right morphology (R-typical) 
show less axonal branching and innervate a more dorsoventrally restricted region. Even 
though neurons with a L-typical arbor predominate in the left habenula and those with a 
R-typical arbor are the majority in the right habenula, neurons having the opposite axonal 
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morphology were also observed (Bianco et al., 2008). We propose that the subset of 
neurons in the right habenula with L-typical arbors contain the sst-1 subpopulation that 
innervates the dorsal IPN; whereas neurons in the left habenula with R-typical arbors 
correspond, in part, to the small cholinergic group that projects ventrally. In this model, 
neurons from both sides of the brain that utilize the same neurotransmitter innervate the 
same regions of the IPN. 
The neurotransmitter profile of the zebrafish dorsal habenular nuclei serves as a 
useful guide to understand habenular function, but also points to many outstanding 
questions. Knowledge of how subsets of habenular axons form connections at the 
appropriate subregion of the IPN is lacking. Selective expression of Neuropilin1a in only 
the left dorsal habenula allows neurons to respond to Semaphorin3b signaling and directs 
them to innervate the dorsal IPN (Kuan et al., 2007).  However, more cues must be 
involved in steering habenular axons at the IPN and determining their precise 
connectivity along its dorsoventral axis. Once at the target, the interplay between 
habenular efferents and IPN neuronal populations is largely unknown. In larval zebrafish, 
IPN neurons can differ greatly in their morphology (Bianco et al., 2008) and cells with 
elaborate processes may receive diverse input from innervating habenular fibers. 
Although recent studies have focused on the modulatory role of dorsal habenular neurons 
in fear responses (Agetsuma et al., 2010; Lee et al., 2010), the exact neuronal subtypes 
involved remain unclear. Specific functions and microcircuits involving the distinct 
cholinergic and somatostatin-expressing subsets of neurons must also be determined. A 
greater understanding of the neurotransmitter identity, subnuclear organization, and 
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connectivity of the zebrafish dorsal habenulae will ultimately reveal why the left and 
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The interpeduncular nucleus (IPN) has been implicated in the modulation of 
behaviors, including the regulation of fear (Agetsuma et al., 2010), sleep (Funato et 
al., 2010) and addiction (Sutherland and Nakajima, 1981; London et al., 1988; 
Klemm, 2004; Zhao-Shea et al., 2013). Previous work has employed radiolabeling, 
immunohistological and other staining techniques to examine the molecular identity 
of IPN neurons in mammals. Immunohistochemistry demonstrates that neuropeptides, 
including somatostatin (Sst), Substance P, vasoactive intestinal peptide and leu-
enkephalin, as well as neurotransmitter synthesizing enzymes, such as dopa β 
decarboxylase that respectively converts L-DOPA and L-5 hydroxytryptophan to the 
neurotransmitters dopamine and serotonin, localize to discrete subregions of the IPN 
(Hamill et al., 1984, Morley, 1986). In mammals, neurons immunoreactive for 
acetylcholine esterase (AChE), the nicotinic α2 cholinergic receptor (nAChRα2) and 
glutamate decarboxylase (Gad) are distributed throughout the IPN, whereas the 
majority of Sst and Substance P containing neurons are found in the rostral subregion 
(Antolin-Fontes et al., 2014). Opiate binding sites (Artymyshyn et al., 1987) and 
Substance P expressing sites (Murray et al., 1988) were also identified in the IPN by 
autoradiography. Despite these studies, we still have a limited understanding of the 
full repertoire of neuronal populations in the IPN and their connections with other 
brain regions.  
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 In recent years, the advancement of DNA sequencing techniques, especially 
next-generation sequencing, has made it easier to identify genes de novo that are 
expressed in discrete cell types. High throughput RNA sequencing (RNA-seq) 
methods are particularly useful to find transcripts that are enriched in a particular 
tissue and to detect various isoforms in addition to non-coding RNAs (Mortazavi et 
al., 2008).   
 To identify transcripts enriched in the IPN by RNA-seq it is essential to 
distinguish and isolate this region of the brain. A previous graduate student in the 
Halpern Laboratory, Courtney Akitake, generated a transgenic line, 
TgBAC(gng8:Eco.NfsB- 2ACAAX- GFP)c375, that labels most neurons in the dorsal 
habenular nuclei (dHb) with membrane tagged GFP (deCarvalho et al., 2013). With 
this transgenic line, GFP labeled efferents from the dHb can be traced to their axon 
terminals at the IPN, allowing this ventral midbrain nucleus to be readily identified 
and microdissected from the adult zebrafish brain. The region receiving GFP-labeled 
afferents was removed, pooled from multiple brains and total RNA was extracted. For 
comparison, RNA extracted from the remaining adult brain tissue was used. RNA-seq 
was performed and the resultant reads were aligned with zebrafish genomic 
sequences. Genes were selected based on the enrichment in the IPN sample compared 
to the whole brain in several RNA-seq experiments. Expressions of several of them 
were confirmed by RNA in situ hybridization (ISH) on larval and adult zebrafish 
brains. Transcripts for a number of genes with neural-specific functions were found to 
be enriched in the IPN and some localized to defined subregions. Thus, transcriptional 







Dissection of the IPN 
TgBAC(gng8:Eco.NfsB-2ACAAX-GFP)c375 adult zebrafish were euthanized in an 
ice-water slurry, and immediately decapitated with a sharp razor blade. Each head was 
placed in ice-cold phosphate buffered saline (PBS) at pH 7.4, the brain was quickly 
removed from the skull under a stereomicroscope and transferred to fresh PBS. The 
brain was mounted ventral side up in a small petri dish coated with 4% low-melt 
agarose. The IPN was recognized under an Olympus MVX10 MacroScope 
epifluorescent dissecting microscope using a 488 nm GFP filter and was carefully 
teased away from the surrounding brain tissue with sharp forceps. Dissected IPNs 
were pooled in 500 µl of TRIzol solution (Invitrogen). The remaining brain tissue was 
collected for use as a control. To troubleshoot the approach, six IPN samples were 
pooled in the first experiment. For subsequent trials, a minimum of 26 IPNs and 5 
control brains (i.e., IPN depleted whole brain) were collected for each sequencing run. 
 
RNA-extraction 
Dissected tissues were homogenized by trituration and total RNA was extracted using 
a standard TRIzole procedure (Invitrogen). RNA pellets were air dried for 10 min. 
and resuspended in 25 µl of nuclease-free water (Ambion). RNA concentration was 
determined using a Nano-drop 2000 spectrophotometer (ThermoScientific) and 
sample quality was assessed by an Agilent 2100 Bioanalyzer  (Santa Clara, CA). For 
the latter, RNA samples were loaded on an electrophoresis chip (LABChip, Agilent) 
that measures the relative concentrations of 5S, 18S and 28S RNA and assigns a RNA 
integrity number (RIN) based on peak values. Only those samples with a RIN greater 
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than 7.8 (refer to Schroeder et al., 2006) were used for further processing. 
 
Ribosomal RNA depletion 
Ribosomal RNA (rRNA) was depleted from total RNA samples using the Ribo-zero 
rRNA removal (Human/Mouse/Rat) low input kit (Epicenter) and following the 
manufacturer’s suggested protocol. Briefly, cytoplasmic rRNA is hybridized to a 
probe mixture that can be pulled down with magnetic beads, leaving a rRNA-depleted 
sample that can be further purified and used for preparation of a cDNA library.  
 
PolyA selection  
Total RNA was processed to select for mRNA using the TruSeq RNA sample 
preparation kit (Illumina), following the manufacturer’s instructions. Briefly, the 
polyadenylated (polyA) tails of mRNA were bound to magnetic oligo dT beads, 
allowing non-polyA RNA to be washed away. PolyA containing mRNA was eluted 
from the beads and collected for preparation of cDNA libraries. 
 
cDNA library preparation and sequencing 
Ribosomal RNA depleted mRNA from the IPN sample and from the remaining brain 
tissue was used to generate 50 bp single-end read libraries with the Standard Illumina 
Low Throughput Protocol (Illumina). Briefly, RNA from both samples was 
fragmented, reverse transcribed into first strand cDNA, followed by second strand 
synthesis, end repair and ligation with poly dT adapters. The libraries were sequenced 






RNA-seq data were analyzed using the open source ‘Tuxedo Suite’ of analysis tools 
(http://www.broadinstitute.org/cancer/software/genepattern/modules/RNA-seq). The 
Tuxedo toolset includes: Bowtie (version 0.2.0) that aligns short DNA sequences to 
the reference genome (Langmead et al., 2009), TopHat (version 2.0.7) that maps the 
splice junctions for RNA seq-reads (Trapnell et al., 2009, Trapnell et al., 2012) and 
Cufflinks (version 2.0.2) that assembles transcripts and estimates the abundance and 
differential expression of given transcripts (Trapnell et al., 2010). The reads were 
mapped to the zebrafish genome using the Ensembl Zebrafish database Zv9.63 for the 
first two experiments and a newer release, Zv9.77, for subsequent trials. Statistical 
analysis of differential expression between the IPN and the rest of the brain was 
carried out using Cuffdiff (Trapnell et al., 2010) and quality control assessment for 
each replicate run was performed using CummRbund (Trapnell et al., 2012).   
 
Antisense RNA probe preparation  
Probes for RNA in situ hybridization were generated by PCR amplification of cDNA 
synthesized from total RNA extracted from 5 d larvae. PCR products were either 
subcloned into the PCRII-TOPO vector (Invitrogen), which was introduced into 
DH10B E. coli cells by transformation and selection on carbenicillin plates. Plasmids 
were isolated with the QIA Miniprep Kit (Qiagen), their DNA sequences confirmed, 
and positive clones linearized using the appropriate restriction enzyme (New England 
BioLab). Those PCR products that were amplified with reverse primers containing 
SP6 polymerase sequence were confirmed by sequencing without cloning. Antisense 
probes were synthesized using either the linearized plasmids or the PCR products by 
in vitro transcription reactions. The primers that were used to amplify the tested genes 
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are listed in Table-1 of Appendix I. 
 
RNA in situ hybridization (ISH) 
Larvae were maintained in 0.003% 1-phenol-2-thiourea (PTU) to block melanin 
pigmentation and, at 5 d, were fixed in 4% paraformaldehyde in PBS at 4° C 
overnight. Fixed embryos or adult brains were rinsed in absolute methanol and stored 
at -20° C. Whole-mount colorimetric RNA in situ hybridization (ISH) was performed 
on rehydrated larvae using either digoxigenin (DIG) or fluorescein isothiocynate 
(FITC) (Roche) labeled antisense probes as described (Thisse and Thisse, 2008). 
Single and double fluorescent ISH followed previously optimized techniques 
(deCarvalho et al., 2013). Immunolabeling for GFP coupled with fluorescent in situ 
hybridization was also carried out as in previous work (deCarvalho et al., 2013). 
Adult brains were rehydrated in PBS with 0.1% Tween-20 (Sigma-Aldrich), 
digested with 10 µg/ml proteinase K (Roche), and hybridized with either DIG or 
FITC labeled antisense probes. Following hybridization and washing in PBS with 
0.1% Tween, the brains were sectioned on a VT100S Vibratome (Leica 
Microsystems). The remaining procedures for probe detection and visualization were 
performed on sections (50-250 µm) adhered to glass slides as in Gorelick et al. 
(2008). Bright-field images were captured using an Axiocam HRc digital camera 
mounted on an Axioskop (Carl Zeiss). Fluorescent images were collected using either 
a Zeiss Imager.Z1 microscope equipped with an AxioCam MRm digital camera or a 
Leica SP5 confocal microscope. The acquired images were processed with Fiji Is Just 
ImageJ (FIJI) (Schindelin et al., 2012) or with Imaris (Bitplane). Neuroanatomical 
landmarks in the adult brain were identified according to an atlas of the adult 





Optimization of RNA-seq for the zebrafish IPN                                                                           
In zebrafish carrying TgBAC(gng8:Eco.NfsB- 2ACAAX- GFP)c375, dHb neurons and 
their axons are labeled with membrane-tagged GFP in the larval (Fig. 3-1A) and adult 
(Fig. 3-1B) brain. By visualizing the axon terminals of these neurons, the IPN can be 
readily located and dissected out from the adult brain (Fig. 3-1C).  
 Because it was difficult to predict the amount of RNA isolated from the IPN, 
preliminary experiments were performed to assess how much tissue was required for 
RNA-seq analyses and to determine the optimal method for mRNA recovery. In the 
first experiment, 50 ng of total RNA was extracted from six pooled IPN, an amount 
insufficient for further purification steps, but with a RIN >8, which indicates a high 
quality sample, acceptable for cDNA preparation. Upon sequencing of the cDNA 
library and bioinformatic analyses, 32,314 transcripts were aligned to the reference 
genome and, among them, 1321 transcripts were significantly enriched in the IPN 
sample. However, the vast majority of transcripts were ribosomal RNA (rRNA). 
Therefore, in subsequent experiments, I increased the number of dissected and pooled 
IPN and added either a rRNA depletion or polyA selection step following RNA 
extraction and determined which purification method was superior.  
In the second experiment, 26 dissected IPN yielded almost 500 ng of total 
RNA. A cDNA library was prepared after depleting rRNA using a kit designed for 
this purpose for mouse and human RNA samples.  For the third experiment, RNA was 
extracted from 60 pooled IPN and cDNA libraries were generated from 














Figure 3-1. The zebrafish IPN can be visualized by GFP labeled dHb axon terminals 
(A) Dorsal view of TgBAC(gng8:Eco.NfsB- 2ACAAX- GFP)c375 larval brain at 5 d. (B) Cross section 
of adult zebrafish brain. (C) Intact IPN isolated from TgBAC(gng8:Eco.NfsB- 2ACAAX- GFP)c375 
adult brain. Hb-habenula, FR-fasciculus retroflexus, IPN-interpeduncular nucleus, dIPN-dorsal IPN, 




A total of 32,313 genes were aligned with the reference genome in both the 
second and third experiments; however, the number of enriched transcripts differed. 
In the second run, 1384 genes were significantly enriched, whereas 3165 genes were 
enriched in the third. Of these, 406 transcripts were common to both experiments.  
 Sequencing of cDNA libraries prepared from polyA selected mRNA yielded 
the highest number of enriched transcripts, therefore, a final experiment was 
performed in triplicate using polyA enriched RNA. For each sample, 26 dissected IPN 
and five IPN depleted whole brains were pooled and processed for RNA extraction. 
After determining the quality of the isolated RNA, polyA selection of mRNA and 
cDNA library preparation were performed for all samples in parallel to minimize 
possible batch effects (Leek et al., 2010). When the results were compared, each 
sample was normally distributed with a mean log10 (fragments per kilobase of exon 
per million reads mapped or FPKM) value equal to 1. Hierarchical clustering 
(Trapnell et al., 2012) indicated that all of the whole brain samples and 2 of the 3 IPN 
samples clustered together, suggesting that they were related. Since, one IPN sample 
did not cluster with the other samples, we did not include data from this sample in the 
results. In the other two IPN samples, 570 genes were significantly enriched 
compared to the whole brains. An example is sst1.1 (refer to Table 3-1), a gene that 
was already known to be expressed in the larval IPN (Fig. 3-2 and Thisse and Thisse, 
2004) and whose significant enrichment validated the RNA-seq approach to identify 
genes highly expressed in this brain region.  
 
Validation of identified genes by RNA in situ hybridization 
Transcripts that were significantly enriched in the IPN compared to the whole brain in 
the final  RNA-seq  experiment are listed in Table 3-2.  Several  candidate genes were  
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1st expt. 2nd expt. 3rd expt. 4th expt.  (triplicates) 
#1 #2 #3 






* sst1.1 FPKM 
(IPN/WB)  
1291/221 1527/90 2872/248 774/135 2678/154 1896/98 
 
Fold increase of sst1.1 
transcripts in IPN 
samples compared to 
whole brain 
5.8 17.0 3.5 2.5 4.1 4.2 
Table 3-1. Enrichment of sst1.1 in RNA-seq experiments 
* FPKM-Fragments Per Kilobase of exon per Million mapped reads 
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A B 
Figure 3-2. sst1.1 expression in the IPN of 5 d larval zebrafish  
 (A) Colorimetric ISH of the larval zebrafish brain using a sst1.1 probe. (B) Fluorescent ISH 
for sst1.1 in combination with immunolabeling for GFP in a TgBAC(gng8:Eco.NfsB- 
2ACAAX- GFP)c375 larva. GFP labeled dHb axon terminals (white arrowhead) serve as a 
landmark to identify the IPN. The white arrowhead indicates transcripts in the IPN. Scale 












ENSDARG00000040799 sst1.1 2312.48 125.008 4.20935 
ENSDARG00000031649 sst3 2172.62 157.16 3.78913 
ENSDARG00000095556 zgc:77650 1809.95 773.197 1.22704 
ENSDARG00000088144 BX511182.1 1512.47 210.427 2.84552 
ENSDARG00000097209 cox8b 576.455 345.524 0.738423 
ENSDARG00000038574 scg2b 562.334 248.875 1.17601 
ENSDARG00000096145 si:dkey-111b14.2 437.129 25.9613 4.07362 
ENSDARG00000019856 atp1a1b 415.671 236.713 0.812306 
ENSDARG00000056627 cxcl14 399.276 32.0682 3.63817 
ENSDARG00000076833 atp1b1b 340.605 164.572 1.04938 
ENSDARG00000045230 cox6b1 322.513 193.174 0.739453 
ENSDARG00000088091 pfn1 318.462 115.257 1.46626 
ENSDARG00000070266 spock3 304.665 133.777 1.1874 
ENSDARG00000014490 tac1 298.679 97.1322 1.62058 
ENSDARG00000036628 cd74b 295.548 130.38 1.18067 
ENSDARG00000089087 ba1 275.994 95.7923 1.52666 
ENSDARG00000057239 tph2 248.866 5.29216 5.55537 
ENSDARG00000017470 scg2a 214.179 56.2843 1.92801 
ENSDARG00000022509 cox4i2 193.669 85.8828 1.17315 
ENSDARG00000009978 icn 178.287 89.4315 0.995343 
ENSDARG00000091279 - 163.628 75.3764 1.11824 
ENSDARG00000040856 ldha 158.572 81.4364 0.961393 
ENSDARG00000060115 lrrn1 157.413 42.302 1.89576 
ENSDARG00000036008 caly 146.748 49.2395 1.57545 
ENSDARG00000075963 mhc1uba 139.268 56.8249 1.29327 
ENSDARG00000096849 si:dkey-16p21.8 139.265 66.1091 1.07492 
ENSDARG00000089717 qpct 136.81 48.6082 1.4929 
ENSDARG00000089486 cplx3b 123 25.5247 2.2687 
ENSDARG00000035253 npr3 121.745 3.06907 5.30992 
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ENSDARG00000077151 cbln2b 117.803 51.5919 1.19116 
ENSDARG00000014201 otpa 116.892 13.5464 3.1092 
ENSDARG00000086665 si:dkey-175g6.2 115.572 46.3258 1.3189 
ENSDARG00000012248 rgma 114.606 33.7531 1.76359 
ENSDARG00000079876 C2CD4C (2 of 2) 114.03 4.62365 4.62423 
ENSDARG00000042361 meis2a 113.914 48.2898 1.23816 
ENSDARG00000077596 si:ch211-269m17.1 113.499 32.1028 1.82191 
ENSDARG00000035810 rgcc 110.675 21.3 2.37741 
ENSDARG00000095826 smdt1 106.836 39.2455 1.44481 
ENSDARG00000059775 slc32a1 102.1 52.9375 0.947621 
ENSDARG00000012388 CU855779.1 100.609 29.7447 1.75805 
ENSDARG00000044125 txn 100.514 16.9646 2.5668 
ENSDARG00000087241 ucn3l 98.1504 38.4878 1.35059 
ENSDARG00000006868 trh 97.8322 23.5698 2.05337 
ENSDARG00000058734 prdx1 91.7979 30.2992 1.59918 
ENSDARG00000024189 pnocb 91.6749 12.7151 2.84999 
ENSDARG00000095094 fxyd6 89.4346 42.3027 1.08008 
ENSDARG00000086735 si:ch1073-111c8.3 87.2767 50.1623 0.798993 
ENSDARG00000035577 cds2 84.8883 51.0697 0.733098 
ENSDARG00000061165 slc6a4a 80.797 2.68386 4.91192 
ENSDARG00000059368 gria4b 80.3878 30.2313 1.41094 
ENSDARG00000087732 Metazoa_SRP 80.066 16.1473 2.30989 
ENSDARG00000055206 dtnbp1b 79.5457 35.0458 1.18254 
ENSDARG00000001437 slc2a1a 79.1813 21.7339 1.86521 
ENSDARG00000070142 cart4 77.6286 14.0882 2.4621 
ENSDARG00000001832 si:ch1073-403i13.1 77.1002 31.6833 1.28301 
ENSDARG00000055089 mab21l1 76.8928 30.397 1.33892 
ENSDARG00000014953 cnih3 75.8555 28.9057 1.3919 
ENSDARG00000096546 nrp2a 75.4485 18.1274 2.05732 
ENSDARG00000061031 dner 72.6881 30.7103 1.243 
ENSDARG00000045145 shisa9a 72.4501 24.7619 1.54887 
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ENSDARG00000032614 msi2b 71.1942 20.9977 1.76153 
ENSDARG00000092633 si:dkey-193h7.5 70.7582 30.7082 1.20427 
ENSDARG00000077725 DLK1 70.4914 18.532 1.92743 
ENSDARG00000003216 anxa2a 69.7079 33.6832 1.04929 
ENSDARG00000034528 chodl 68.9626 10.3084 2.74199 
ENSDARG00000019451 pcsk2 68.8423 21.8009 1.65891 
ENSDARG00000055791 SLC3A2 (3 of 3) 68.0946 28.2109 1.27129 
ENSDARG00000044754 gnrh2 67.4647 6.91502 3.28633 
ENSDARG00000057098 htr1ab 61.0333 5.01343 3.60573 
ENSDARG00000044129 si:ch211-214p16.1 60.6021 15.8558 1.93436 
ENSDARG00000014085 si:ch211-266k8.3 59.0321 30.001 0.97649 
ENSDARG00000029168 ppfibp2b 57.6177 7.78151 2.88839 
ENSDARG00000022531 ntn1b 57.6141 5.57626 3.36905 
ENSDARG00000025024 pnoca 56.5416 6.08697 3.21552 
ENSDARG00000016514 gtf2h2 56.2031 30.0753 0.902069 
ENSDARG00000055100 cxcl12b 55.4335 20.2988 1.44936 
ENSDARG00000079006 - 53.0918 9.7852 2.43982 
ENSDARG00000044975 zgc:153629 52.2787 27.761 0.913165 
ENSDARG00000002600 pcsk1 52.054 26.3098 0.984408 
ENSDARG00000096508 si:ch211-265g21.1 50.9327 28.7663 0.82421 
ENSDARG00000062538 si:dkey-215k6.1 50.6842 11.1653 2.18251 
ENSDARG00000040982 fgf14 50.1456 20.8823 1.26384 
ENSDARG00000025495 nhlh2 50.0202 3.26978 3.93525 
ENSDARG00000003326 cacng5a 48.8483 4.36882 3.48299 
ENSDARG00000058389 ccl-c5a 48.4432 10.0767 2.26527 
ENSDARG00000076569 ndp 48.2073 4.0995 3.55573 
ENSDARG00000031981 pcbd1 48.1775 12.6328 1.93118 
ENSDARG00000057468 kcnc2 47.938 16.4832 1.54017 
ENSDARG00000003903 hapln2 47.1511 20.6639 1.19018 
ENSDARG00000040069 CPNE4 46.827 19.7798 1.24332 
ENSDARG00000070930 cart1 46.7878 4.29835 3.44428 
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ENSDARG00000070453 gch1 46.5093 4.2923 3.4377 
ENSDARG00000021936 zgc:109949 46.2761 12.52 1.88603 
ENSDARG00000067781 urp2 46.223 14.8462 1.63852 
ENSDARG00000095543 si:dkey-27i16.2 44.5118 21.8437 1.02697 
ENSDARG00000090390 FP016235.1 43.8334 11.9178 1.87892 
ENSDARG00000027063 arpc1b 43.5534 16.2173 1.42525 
ENSDARG00000003963 traf4a 42.3349 24.3473 0.798085 
ENSDARG00000037478 CDH8 41.6057 23.1697 0.844546 
 
Table 3-2. Top 100 transcripts enriched in IPN compared to whole brain from RNA-seq 
analyses  
These data were derived from sequences obtained from the final experiment on duplicate samples 
and listed in the descending order of Fragments Per Kilobase of exon per Million mapped reads 
(FPKM) of the IPN sample.  





selected for validation by RNA in situ hybridization (ISH) according to 1. their 
enrichment in the IPN compared to the whole brain both in terms of FPKM and log 
fold, 2. whether they were known to be expressed in the nervous system, or 3. 
associated with IPN-related functions (Table 3-3). Since the source of the IPN for 
RNA-seq were adult zebrafish, RNA probes were hybridized to dissected adult brains 
that were subsequently sectioned and processed for visualization. Transcripts 
confirmed to be enriched in the adult IPN are listed in Table 3-4. Most of these genes 
were found to be expressed in other regions of the brain as well. The most enriched 
transcript in all RNA-seq experiments, sst1.1, was confirmed to be expressed 
throughout the IPN. The ISH hybridization results also revealed that sst1.1-expressing 
neurons are organized in distinct patterns in the dorsal and the ventral IPN (Fig. 3-3, 
3-4). Sst1.1+ neurons are scattered throughout the dIPN whereas, in the vIPN, they are 
organized in bilateral columns flanking the midline. Another gene that is widely 
expressed is glutamate decarboxylase 1b (gad1b), which converts glutamate to γ-
amino butyric acid (GABA). This gene was previously found to be expressed in the 
mammalian IPN (Kawaja et al., 1989). Transcripts for tryptophan hydroxylase 2 
(tph2), an enzyme that converts tryptophan to serotonin, are found in neurons 
scattered throughout the dorsal IPN (dIPN), intermediate IPN (iIPN), and dorsal 
region of the ventral IPN (vIPN). Genes encoding receptors for serotonin (5-
hydroxytryptamine receptor 1A b (htr1ab)), and glutamate (glutamate receptor, 
ionotropic,  AMPA 4b (gria4b))  are expressed  throughout  the adult  IPN  in different  
patterns: neurons expressing the htr1ab gene are more concentrated in the ventral IPN 




Gene name                 FPKM log2 (fold 
enrichment)  
IPN WB 
*c2 calcium dependent domain containing 4c (c2cd4c) 114.03 4.62 4.62 
*ca2+-dependent activator protein for secretion 2 
(cadps2)  18.63 5.12 1.9 
*cholinergic receptor, muscarinic 2a (chrm2a) 13.62 3.89 1.81 
*cholinergic receptor, muscarinic 3a (chrm3a) 6.16 1.87 1.72 
cholinergic receptor, nicotinic alpha 4b (chrna2a) 6.7 1.1 2.6 
cholinergic receptor, nicotinic alpha 4b (chrna2b) 11.39 1.19 3.25 
*cholinergic receptor, nicotinic alpha 4b (chrna4b) 0.86 0.13 2.74 
complement component 1, q subcomponent-like 2 (c1ql2) 12.23 0.52 4.57 
*complexin 3b (cplx3b) 123 25.53 2.27 
dopa decarboxylase (ddc) 40.67 2.7 3.9 
*glutamate decarboxylase (gad1b) 437.6 227.8 0.94 
*glutamate receptor, ionotropic, AMPA 4b (gria4b) 80.4 30.23 1.41 
*glutamate receptor metabotropic 6a (grm6a) 36.55 2.76 3.73 
*goosecoid homeobox 2 (gsc2) 29.47 0.85 5.12 
*glycine receptor a 3 (glra3) 14.8 2.95 2.33 
*5-hydroxytryptamine receptor 1A b (htr1ab) 61.03 5 3.6 
*nescient helix loop helix2 (nhlh2) 50.02 3.27 3.93 
orthopedia homolog (otpa) 116.9 13.6 3.1 
*prepronociceptin a (pnoca) 56.54 6.1 3.22 
*prepronociceptin b (pnocb) 91.68 12.7 2.85 
SPARC related modular calcium binding (smoc1) (1 of 2) 12.89 0.43 4.92 
*somatostatin1.1 (sst1.1) 2312.48 125 4.2 
*somatostatin 3 (sst 3) 2172.62 157.16 3.8 
*tachykinin (tac1) 298.7 97.13 1.62 




Table 3-3. Candidate genes selected for validation by ISH 
*Confirmed to be expressed in the IPN, as shown in Table 3-4  
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Genes Expression in subregions of the adult IPN 
dIPN iIPN vIPN 
c2 calcium dependent domain containing 4c 
(c2cd4c) 
+ - - 
ca2+-dependent activator protein for secretion 
2 (cadps2) 
- + + 
cholinergic receptor, muscarinic 2a (chrm2a) - + + 
cholinergic receptor, muscarinic 3a (chrm3a) + + - 
cholinergic receptor, nicotinic a 4b (chrna4b) - + + 
complexin 3b (cplx3b) + - + 
glutamate decarboxylase (gad1b) + + + 
glutamate receptor, ionotropic, AMPA 4b 
(gria4b) 
+ + + 
glutamate receptor metabotropic 6a (grm6a) - - + 
goosecoid homeobox 2 (gsc2) - + - 
glycine receptor a 3 (glra3) - + + 
5-hydroxytryptamine receptor 1A b (htr1ab) + + + 
nescient helix loop helix2 (nhlh2) - - + 
prepronociceptin a (pnoca) - - + 
prepronociceptin b (pnocb) - - + 
somatostatin1.1 (sst1.1) + + + 
somatostatin 3 (sst 3) - - + 
tachykinin (tac1) - - + 
tryptophan hydroxylase 2 (tph2) + + + 
 
 
Table 3-4. Regional gene expression in the adult IPN verified by ISH 
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Figure 3-3. Cross sections through the IPN of the adult zebrafish brain after ISH with the 
indicated probes 
In the upper left panel, d, i and v indicate dorsal, intermediate and ventral subregions of the 
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 merge !sst3! sst1.1  
Figure 3-4. Co-expression of somatostatin-related genes in vIPN neurons  
(A) Sagittal section through the IPN of the adult zebrafish brain. (B) Side view of the IPN in the 
ventral midbrain of a 5 d larva. White arrowheads indicate the dorsal and ventral IPN. Scale bar 





Several other genes identified by transcriptional profiling of the IPN are expressed in 
specific subdomains. Transcripts for the Ca2+-dependent activator protein for 
secretion 2 (cadps2), cholinergic receptor, muscarinic 2a (chrm2a), cholinergic 
receptor, nicotinic alpha 4b receptor (chrna4b), glycine receptor a3 (glra3), and 
nescient helix loop helix2 (nhlh2) genes are found in the iIPN and vIPN, whereas 
transcripts from the complexin 3b (cplx3b) gene localize to the dIPN and vIPN. 
Transcripts for the c2 calcium dependent domain containing 4c (c2cd4c) gene are 
restricted to the dIPN, and those for the goosecoid homeobox 2 (gsc2) are present only 
in the iIPN. Expression of the glutamate receptor metabotropic 6a (grm6a), 
prepronociceptin a (pnoca), prepronociceptin b (pnocb), somatostatin 3 (sst3) and 
tacykinin (tac1) genes was detected only in the vIPN, although there are notable 
differences between their spatial patterns as shown in Fig. 3-3. 
The two somatostatin-related genes, sst1.1 and sst3 are expressed in a similar 
manner in the vIPN. I, therefore, performed double fluorescent ISH to test whether 
there is a population of IPN neurons that co-express both of these genes. The results 
demonstrate that sst1.1 and sst3 transcripts are indeed co-expressed in neurons in the 
V-i and V-ii regions of the IPN (Fig. 3-4). Additionally, some vIPN neurons appear to 
only express sst3. Double fluorescent ISH with sst1.1 and other highly enriched 
transcripts such as tac1, tph2, and gsc2 did not reveal overlapping expression in the 
IPN, suggesting that these domains correspond to distinct neuronal populations (Fig. 
3-5).  
One of the goals of the RNA-seq screen was to identify specific markers for 
the IPN in order to use their transcriptional regulatory elements to generate transgenic 
lines that would be useful for developmental studies. Thus, I tested whether genes 
expressed in the adult IPN are also transcribed in the larval brain. 
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Figure 3-5. Non-overlapping expression of sst1.1 with other peptidergic, serotonergic 
and goosecoid-like gene expressing neurons  
(A) Sagittal and (B), (C) cross sections of the adult zebrafish brain labeled by double 
fluorescent in situ hybridization with the indicated probes. The white bar in (A) indicates IPN 
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From ISH performed at 5 d, I found that the two sst-related genes are expressed in the 
larval IPN (Fig. 3-4). Similar to the adult brain, sst1.1 transcripts are found 
throughout the larval IPN, whereas sst3 is expressed only in the vIPN. Not all genes 
that were tested showed expression at the larval stage, as assayed by whole-mount 
ISH at 5 d. These genes include: BX323876.2 (uncharacterized protein) and SPARC 
related modular calcium binding 1 (smoc1). Expression of the complement 
component 1, q subcomponent-like 2 (c1ql2), dopa decarboxylase (ddc), orthopedia 
homolog a (otpa), glutamate decarboxylase 1b (gad1b) genes was widespread and it 
was difficult to determine whether transcripts were specifically enriched in the IPN at 
this early stage (data not shown).   
 In addition to discovering new markers for the IPN, the RNA-seq screen 
identified genes that are expressed in neurons of the raphe nucleus (RN), owing to the 
close association of this nucleus with the IPN. One prominent example is cocaine and 
amphetamine regulated transcript prepropeptide 4 (cart4) (Fig. 3-6A), whose 
expression was 2.2-5.4 log2 fold higher in IPN/RN samples compared to the controls. 
Likewise, tph2 (Fig. 3-6B) and htr1ab (Norton et al., 2008) are strongly expressed in 
the RN.  
 An unexpected advantage of assaying gene expression in sections of the adult 
brain was that it also enabled me to discover new markers for the habenular region 
(Fig. 3-7). For example, as described in Chapter 2, sst1.1 (Fig. 2-3F, J) was found to 
be expressed in discrete neuronal clusters in the dHb, the majority of which are non-
cholinergic and do not express tac1. Other neuropeptides such as cocaine and 
amphetamine regulated prepropeptide 2, (cart2), proenkephalin a (penka) and pnoca, 
and the neurotransmitter receptors dopamine receptor d3 (drd3), cholinergic receptor 
muscarinic    2a    (chrm2a),    cholinergic     receptor     muscarinic    3a     (chrm3a),    
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Figure 3-6. Upregulated  transcripts in the raphe nucleus  
(A, B) Sagittal sections of the adult zebrafish brain labeled by fluorescent ISH with the indicated 
probes (purple) in combination with anti-GFP immunolabeling in Tg(-3.2fev:EGFP. 
Serotonergic raphe neurons express GFP in this transgenic line (Lillesaar et al., 2007). Scale 
bars = 50 !m. 
A
B
tph2 Tg(pet1:GFP)  
cart4 Tg(pet1:GFP  
 merge  
 merge  
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Figure 3-7. Genes expressed in the habenular regions of the adult zebrafish brain 
Probes for the neuropeptide encoding genes (A) cart2, (B) penka and (C) pnoca and for those 
encoding neurotransmitter receptors (D) chrm2a, (E) chrm3a and (F) oprd1 hybridize to different 
subregions of the adult habenular nuclei. Scale bar = 50 !m. 
A B 
Neuropeptides 





5-hydroxytryptamine receptor 1b d (htr1bd), opioid receptor delta 1b (oprd1b), 
somatostatin receptor 1 (sstr1), and somatostatin receptor 2 (1 of 2) (sstr2) were also 
expressed in the dHb of adult zebrafish (Fig. 3-7 and data not shown). Additionally, 
transcripts for c2cd4c, cadps2, membrane metallo-endopeptidase-like 1 (mmel1) and 






The Hb-IPN neural pathway has been implicated in regulating behaviors such as the 
response to fear, anxiety, and sleep (Agetsuma et al., 2010, Funato et al., 2010); 
however, the identity of the specific neurons that modulate these behaviors is 
unknown. Next generation sequencing techniques make it possible to catalogue 
neuronal populations by transcriptional profiling (Bustos et al., 2011; Frank et al., 
2013; Wagner et al., 2014). Using TgBAC(gng8:Eco.NfsB-2ACAAX-GFP)c375  
zebrafish, in which habenular neurons and their axons are labeled with membrane-
tagged GFP (deCarvalho et al., 2013), I was able to locate the IPN in the adult brain 
and dissect it out for RNA extraction and RNA-seq analyses. Through comparisons 
with RNA recovered from the remaining brain tissue, transcripts enriched in the IPN 
were isolated and their expression verified by ISH. From the RNA-seq experiments, I 
identified genes expressed throughout as well as in restricted regions of the IPN. 
To determine how much tissue was required for RNA-seq and to optimize 
methods for recovery of high quality RNA, I first carried out test runs using total 
RNA, rRNA depleted or polyA selected RNA. The poly-A selected sample yielded 
the highest number of reads when the IPN from greater than 25 brains were pooled. 
On the basis of this finding, for the final RNA-seq analyses, I sequenced cDNA 
libraries prepared from triplicates of polyA selected samples.   
Overall, the genes enriched in the IPN samples for all experiments were 
similar (i.e., 60% of enriched genes were the same), even though samples were 
prepared differently and the experimental results were also analyzed differently. Data 
from the first three experiments were aligned to the Ensembl Zebrafish database 
Zv9.63 using an older version of Bowtie (version 1). Subsequently, an updated 
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version of Bowtie (version 2.0.9) and a more recent genomic assembly, Ensembl 
Zebrafish database Zv9.77, were applied. In the final experiment, in which duplicate 
samples were compared, the results from alignments to either Ensembl Zebrafish 
databases Zv9.63 or Zv9.77 showed little difference. 
From the list of enriched transcripts, approximately sixty genes were selected 
for validation by ISH. These genes were selected based on log2 fold enrichment in 
IPN samples compared to whole brain samples or whose transcripts that were highly 
represented in the IPN samples and known to be expressed in the IPN of other 
vertebrates. From these candidates, nineteen were confirmed to be expressed in the 
adult zebrafish IPN.  
The sst1.1 gene is expressed in many neurons in the zebrafish IPN, which is 
consistent with previous findings that Sst is a highly concentrated neurotransmitter in 
the IPN of various species including amphibians and mammals (Morley, 1986). In 
contrast to zebrafish, however, in the brown trout (Salmo trutta), a sst-related gene is 
expressed only at the fry stage (28-32 mm) and not in the embryo (8-14 mm), alevin 
(16-22 mm) or adult stages (125-360 mm) (Becerra et al., 1995). The reason for such 
differences between teleosts is unknown.          
In mammals there is only one sst gene, but there are four homologues in the 
zebrafish genome including sst3. sst3 transcripts only localized to neurons in the vIPN 
and some of them co-expressed sst1.1 as well. Interestingly, this is the only region in 
the adult brain where the two genes are co-expressed, although transcripts of both are 
widely distributed throughout the brain.  
Additional information on the protein product of sst3 may help explain why 
the same neurons express two highly similar neuropeptides. The zebrafish sst3 coding 
region shares 71% overall similarity and 84.6% similarity in peptide hormone 
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sequences with another neuropeptide encoding gene in mammals called cortistatin 
(cort or cst) (de Lecea et al., 1996). Bioinformatic and syntenic analyses with human 
cort reveals that zebrafish sst3 is similar to cort (Tostivint et al., 2004).  Furthermore, 
the gene indicated as cort in the Ensembl zebrafish genomic database (Zv9.63) is 
most likely an annotation error, as it lacks the peptide hormone sequence (Fig. 3-8).  
Thus I propose that zebrafish sst3 is the correct orthologue of mammaliam cortistatin.  
Both sst1.1 and sst3 genes encode proteins that are cleaved into either 14 or 28 
amino acid peptides and can act as hormone, neurotransmitters, neuropeptides or 
neuromodulators (Patel, 1999). The peptides bind to any of five known Sst receptors 
(sstr) and block release of other hormones in the brain, gut, and pancreas (Patel, 
1999). Release of Sst can inhibit post-synaptic neurons or modulate the action of other 
neurotransmitters (Patel, 1999). 
 In mammals, about 20% of cortical neurons produce transcripts for both sst 
and cort (de Lecea et al., 1997). Although expressed by the same neurons, sst and cort 
appear to be regulated differently and have unique functions. For instance, sst and 
cort mRNA are differentially regulated in response to the neuroexcitatory amino acid 
kainate (Calbet et al., 1999). In terms of function, Cort induces slow wave sleep 
whereas Sst induces paradoxical (REM) sleep (de Lecea et al., 1996) and Sst 
stimulates locomotor activity while Cort reduces it (Spier and de Lecea, 2000). 
Application of Sst in the hippocampus and cortex increases excitability but Cort 
depresses it (Spier and de Lecea, 2000). From these examples, it is possible that 
neurons in the zebrafish ventral IPN that co-express sst1.1 and sst3 are also regulated 
differently in response to the same stimulus in order to modulate diverse activities.   
Other transcripts that are expressed selectively in the vIPN are derived from 
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Figure 3-8. Comparison of Sst and Cort peptide hormone sequences from different 
vertebrate species 
Zebrafish Sst3 is more similar to the Cort peptides on the basis of a shared proline residue.   
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and two paralogs in zebrafish, pnoca and pnocb, whose transcripts were both enriched 
in the IPN sample in all RNA-seq experiments. There is 63% amino acid similarity 
between the proteins encoded by the two genes and 99% amino acid similarity 
between the neuropeptide sequences. Expression of both genes is restricted to the 
dorsal part of the vIPN, in a region that has been designated as the V-ii IPN 
(deCarvalho et al., 2014). Curiously, this subregion has fewer neurons expressing 
sst1.1 and sst3 than other regions of the IPN and, as described in Chapter 4, receives 
unique synaptic input from the dHb. In contrast to the zebrafish where pnoc-
expressing neurons reside in a defined region of the vIPN, in rats, pnoc mRNA is 
present in caudal, dorsal, lateral and rostral subregions of the IPN with the highest 
levels in the dorsal subnucleus (Neal et al., 1999).  
In mammals, the pnoc gene encodes multiple neuropeptides including 
nociceptin (nociceptin/orphanin FQ) (Maunier et al., 1995; Reinscheid et al., 1995). 
Although the function of pnoc-related genes in the IPN is unknown, the opioid-like 
neuropeptide derived from this gene is characterized as a pain-inducing peptide in the 
brain that can reverse the pain-killling (analgesic) effect of opioids (Meunier et al., 
1995; Okuda-Ashitaka et al., 2006). However, nociceptin acts similarly to opioids to 
cause analgesia if injected into the spinal cord (Katsuyama et al., 2011), suggesting 
that this neuropeptide functions differently depending on where it is released. Since 
the Hb-IPN pathway has been implicated in nociception (reviewed by Klemm, 2004), 
I speculate that the neurons expressing pnoca and pnocb in the Vii-IPN have a role in 
pain regulation. 
 The tachykinin (tac1) gene that encodes the neuropeptide Substance P 
(Harmer et al., 1986) is also expressed in the zebrafish IPN in the V-i and V-iii 
regions.  Similar to zebrafish, the mammalian and amphibian IPN contains Substance 
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P producing neurons (Taban and Cathieni, 1983; Kamali and Guglielmotti, 1984, 
Kapadia and de Lanerolle, 1984). Substance P is important for modulating the 
response of animals to stress-induced analgesia including pain and injury (De Felipe 
et al., 1998; Onaga et al., 2014). Additionally, Substance P is associated with mood 
disorders, anxiety and stress regulation (Ebner and Singewald, 2006).  
A gene that I found to be selectively expressed in the intermediate IPN, gsc2, 
is also transcribed in the IPN of the mouse brain in central and lateral subnuclei. In 
mice, a mutation of this gene results in reduction of rapid eye moment (REM) sleep 
(Funato et al., 2010). Since the IPN projects to the RN, which has a role in regulating 
sleep/wakefulness (Monti, 2010), this result suggests that neurons in the iIPN of 
zebrafish are also involved in modulating sleep.  
 Genes encoding enzymes that convert amino acids to neurotransmitters also 
show high levels of expression in the IPN such as gad1b that converts glutamate to 
gamma-amino butyric acid (GABA) and tph2 that converts tryptophan to serotonin. 
These findings are consistent with what is known about the mammalian IPN, where 
both GABAergic (Kawaja et al., 1989) and serotonergic neurons (Singhaniyom et al., 
1982; Chen et al., 2003) are heavily concentrated. The widespread expression of 
gad1b along with the sst-related genes indicates that the majority of IPN neurons are 
inhibitory.  
Transcripts encoding various neurotransmitter receptors are also enriched in 
the zebrafish IPN. These include the muscarinic and nicotinic acetylcholine receptors 
(chrm2a, chrm3a and chrna4b, chrna2a, chrna2b, chrnb4, chrna5), ionotropic and 
metabotropic glutamate receptors (gria4b and grm6a), and a serotonergic receptor 
(htr1ab). Since it has been established that the zebrafish dHb contains cholinergic and 
glutamatergic neurons (Hong et al., 2013; deCarvalho et al., 2014), it is not surprising 
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that the corresponding receptors are expressed by post-synaptic neurons in the IPN. 
The RN contains large numbers of serotonergic neurons (Dahlstroem and Fuxe, 1964) 
and has reciprocal connections with the IPN (Agetsuma et al., 2010 and refer to Fig. 
4-7, Chapter 4); thus, IPN neurons are expected to express serotonin receptors. The 
RNA-seq results also indicate an enrichment of transcripts for glycine receptors 
(glra3); however, the source of glycinergic input to the PN remains unknown. Similar 
to the rat mHb (Rampon et al., 1996), in zebrafish, the dHb is devoid of glycinergic 
neurons (Barreiro-Iglesias et al., 2013), indicating that glycinergic input to the IPN 
must come from a different source. 
Other genes notably upregulated and confirmed to be expressed in the 
zebrafish IPN are nhlh2, a transcription factor that has a role in obesity (Good et al., 
1997) and female sexual behavior (Johnson et al., 2004) and cplx3b, a gene that 
encodes a complexin protein, which binds to the SNARE protein complex in pre-
synaptic neurons to influence fusion of synaptic vesicles to the cell membrane and 
neurotransmitter release (Tokumaru et al., 2001; Hu et al., 2002). The cadps2 gene is 
expressed in the IPN of mouse (Allan Mouse Brain Atlas) as well as enriched in the 
zebrafish IPN. A mutation in this gene produces autistic-like behavior in mice, 
including impaired social interaction, hyperactivity, decreased exploratory behavior 
and increased anxiety in a novel environment, and deficits in intrinsic sleep-wake 
regulation and circadian rhythmicity (Sadakata et al., 2007).  
Although, cDNA libraries were prepared from RNA extracted from the 
microdissected IPN, genes that are highly expressed in the RN were also discovered 
from the RNA-seq analyses. This is likely due to the close proximity of the RN to the 
IPN and the likelihood that it also receives direct innervation from GFP-labeled 
habenular axon terminals. One of such genes was a cart paralog, cart4. This gene is 
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highly upregulated upon cocaine and amphetamine administration in mammals, and 
also involved in feeding and stress (Kuhar et al., 2002).  
Several genes that were enriched in the RNA-seq analyses of IPN samples 
were not expressed in the IPN when assayed by ISH. Because the IPN was manually 
microdissected, there is a possibility of contamination from surrounding brain tissue. 
There are several methods for obtaining purer mRNA samples from brain tissue such 
as fluorescent activated cell sorting (FACS) (Lobo et al., 2006) or translating 
ribosome affinity purification (TRAP) with GFP antibody (Heiman et al., 2014). 
Another recently adopted method is mouse thiouracil (TU) tagging, a genetic and 
chemical intersectional approach where uracil phosphoribosyltransferase (UPRT) is 
expressed in a tissue-specific manner. Upon injection of 4-thiouracil (4TU), 4TU is 
incorporated into newly synthesized RNA that can be readily purified (Gay et al., 
2013). However, a limitation of all of these techniques is the need for transgenic 
animals that label the neurons of interest. Unfortunately, transgenic tools to label the 
IPN brain region selectively are still not available. The discovery of new genes with 
restricted expression in the zebrafish IPN should greatly aid in their generation in the 
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The habenulo-interpeduncular connection is a highly conserved pathway in the 
vertebrate brain, present from primitive fish to humans. In mammals, the medial 
habenulae (mHb) can be divided into five subregions depending on the expression of 
different genes/proteins. These subregions are designated as the mHb dorsal, mHb 
superior, mHb ventro-central, mHb ventro-lateral and mHb ventro-medial (Aizawa et 
al., 2012; Shih et al., 2014; Antolin-Fontes et al., 2014). The habenular subregions 
express different neurotransmitters and neuropeptides; however all contain neurons 
that are glutamatergic (Antolin-Fontes et al., 2014). The ventral subregions also 
contain cholinergic neurons as defined by the presence of choline acetyltransferase, 
whereas the dorsal subregion contains Substance P as well as interleukin-18 
containing neurons. The superior subregion also expresses interleukin-18 (Hsu et al., 
2013; Antolin-Fontes et al., 2014).  
Similarly, the target of the mHb, the interpeduncular nucleus (IPN) can be 
subdivided into multiple subnuclei based on differences in cytoarchitecture and cell 
density, as determined by light and electron microscopy (Hamill and Lenn, 1984). 
The seven IPN subregions include three unpaired subnuclei, the central, dorsal, and 
rostral, and four paired subnuclei, the dorsolateral, intermediate, interstitial and 
medial (Hamill and Lenn, 1984). All subregions contain neurons that express gad and 
acetylcholine esterase as well as various subunits of nicotinic acetylcholine receptors 
(Antolin-Fontes et al., 2014). 
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Connectivity between cholinergic subregions of the Hb and IPN has been 
established in mammals either by lesioning habenular neurons, tracing their 
degenerating axons and measuring the resulting neurotransmitters levels at the IPN, or 
by immunohistochemistry and staining methods. Lesioning of the Hb results in a 
dramatic loss of acetylcholine levels in the IPN, confirming the cholinergic identity of 
the Hb-IPN neural pathway (Leranth et al., 1975). Immunohistochemical techniques 
demonstrate that cholinergic neurons in the ventral subregion of the mHb mostly 
innervate the central and intermediate IPN, whereas Substance P neurons in the dorsal 
subregion project to rostral and lateral subregions of the IPN (Contestabile et al., 
1987). None of the published studies have established the precise connectivity of 
neuronal subpopulations in the Hb and it is still unclear whether there is a topographic 
map between the Hb and the IPN.  
Recently, transgenic mice were generated in which various nicotinic 
acetylcholine receptor subunits were labeled with GFP (Hsu et al., 2013; Shih et al., 
2014). Since cholinergic receptors are expressed in multiple dHb subdomains, 
labeling of habenular axons was found throughout the IPN. Zebrafish transgenic lines 
have also been generated in which neurons of the entire dHb (deCarvalho et al., 
2014), or habenular subregions (Aizawa et al., 2005; Agetsuma et al., 2010) are 
labeled with fluorescent markers. Using a transgenic line that labels neurons 
throughout the dHb, TgBAC(gng8:Eco.NfsB-2ACAAX-GFP)c375 and carefully 
examining the innervation pattern of the IPN by habenular axons labeled with 
membrane-tagged GFP, the Halpern laboratory proposed that at least six subregions 
are present in the IPN of the adult zebrafish brain (refer to deCarvalho et al., 2014 
[Chapter 2]). Additional transgenic lines have been generated that label particular 
subregions of the dHb, which are assumed to correspond to distinct subnuclei 
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(Aizawa et al., 2005; Agetsuma et al., 2010). However, the subregions defined by 
these transgsenic lines do not correspond well with neuronal subpopulations identified 
by neurotransmitter/neuropeptide phenotype (deCarvalho et al., 2014 [Chapter 2]). 
Moreover, labeling from some transgenes does not correctly recapitulate expression 
from the endogenous gene (Agetsuma et al., 2010; Aizawa et al., 2005, 2007). 
To resolve this discrepancy and to establish dHb-IPN connectivity more 
precisely, it is useful to generate transgenic lines specific to distinct neuronal clusters 
sharing common features such as neurotransmitter identity. To generate transgenic 
lines that label particular populations of neurons in a given region of the brain, 
various approaches have been employed in the zebrafish. These include cloning 
putative upstream regulatory sequences for relevant genes (Lillesaar et al., 2007; 
Yokogawa et al., 2012), isolating enhancer elements (Park et al., 2000), enhancer 
trapping (Balcinuas et al., 2004; Davison et al., 2007; Scott et al., 2007) or 
recombineering of bacterial artificial chromosomes (BAC) (Agetsuma et al., 2010; 
deCarvalho et al., 2013; Satou et al., 2013). More recently, CRISPR/CAS9 mediated 
gene knock-in strategies have also been applied successfully to produce transgenic 
lines (Auer et al., 2014; Kimura et al., 2014).  
The adoption of binary systems, such as yeast Gal4/UAS or the QF/QUAS 
system of Neurospora, to zebrafish transgenesis has allowed more flexibility and the 
possibility of intersectional approaches to target restricted populations of neurons. 
The Gal4 and QF transcription factors bind to their respective upstream activating 
sequences (UAS and QUAS) to drive expression of downstream reporter genes under 
the control of these sequences (Brand and Perrimon, 1993; Davison et al., 2008; 
Potter et al., 2010; Subedi et al., 2014 [Appendix II]). By generating multiple drivers 
whereby tissue-specific promoters activate Gal4 or QF and multiple 
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reporters/effectors, many combinations can be made by crossing a specific driver with 
different responders and vice versa. These binary systems are useful, not only to 
visualize cells and neural pathways, but also to genetically manipulate, inactivate or 
ablate neuronal populations to understand their functions. Several prokaryotic genes 
have been applied in zebrafish for these purposes, including one that encodes the 
bacterial enzyme nitroreductase, which converts the prodrug metronidazole into a 
cytotoxic metabolite that causes cell death (Curado et al., 2007). Genes for the tetanus 
toxin light chain (tetx) and botulinum toxin (btx) have been used to cause paralysis in 
the zebrafish nervous system (Asakawa et al., 2008; Nevin et al., 2008). Both 
enzymes break down the protein synaptobrevin that is essential for synaptic vesicles 
to fuse with the cell membrane, and thus block neurotransmission. Another bacteria-
derived gene that has been used to ablate neurons is diphtheria toxin, which kills cells 
by blocking protein synthesis (Kurita et al., 2003). 
Genetic approaches using binary transgenic approaches have been adopted to 
understand the function of the Hb-IPN pathway. By expressing tetanus toxin in a 
subregion of the dHb, neurotransmission from this region to the dorsal and 
intermediate IPN was inactivated (Agetsuma et al., 2010). To determine the 
consequence on behavior, adult fish were challenged for their response to a 
conditioned fear stimulus. Fish were trained with a red light that was paired with 
electric shock. When later exposed to only the red light, wild-type siblings that did not 
express the toxin transgene showed a characteristic escape behavior, whereas fish 
expressing the toxin were biased towards freezing. These data support that this 
subregion of the dHb modulates the response to fear (Agetsuma et al., 2010).  
However, the precise neurons that mediate this behavior as well as the functions of 
other habenular regions remain unknown. 
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In this Chapter, I will describe transgenic tools that I developed to further our 
understanding of the zebrafish Hb-IPN neural pathway. In the course of performing 
RNA in situ hybridization experiments to validate transcripts enriched in the RNA-
seq screen (Chapter 3), I discovered that the sst1.1 gene is not only highly expressed 
in neurons throughout the IPN, but is also transcribed in asymmetric clusters of 
neurons in the dHb, with more neurons on the right side compared to the left  (refer to 
Figs. 2-2 G and I, 2-3 D, F and J, Chapter 2). The somatostatinergic (Sst+) neuronal 
population does not overlap with other peptidergic populations of the dHb 
(deCarvalho et al., 2014).  
By isolating genomic DNA upstream of the sst1.1 transcription start site, I 
successfully generated transgenic lines that label the dHb neuronal subpopulation and 
their axons with membrane tagged GFP. In the adult brain, I was able to trace 
projections from the Sst+ habenular population to a discrete domain of the vIPN. From 
RNA-seq and gene expression data (refer to Chapter 3), I determined the identity of 
neurons located in this specific vIPN subregion. In addition to innervation from the 
dHb Sst+ neurons, I examined what other afferent input the IPN receives. For 
example, as in mammals (Nojyo and Sano, 1978), the zebrafish IPN is innervated by 
serotonergic fibers emanating from the raphe nucleus (RN). The mammalian IPN also 
receives dopaminergic input of unknown origin (Gottesfeld, 1984). However, I 
discovered that dopaminergic hindbrain neurons project to the dIPN in the adult 
zebrafish brain.  
As a first step towards functional studies, I attempted to ablate sst1.1-
expressing dHb neurons. I also focused on producing reagents that will allow genetic 
manipulation of this neuronal population. Taking advantage of the Q transcriptional 
regulatory system described in Appendix II, I developed transgenic driver and 
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reporter tools to selectively express the tetanus toxin gene in Sst+ Hb neurons and 
thereby inactivate neurotransmission to the IPN. I will outline the value of as well as 
some problems I encountered with these approaches. Ultimately, the transgenic tools 
developed through my work will permit further studies to probe how IPN subregions 






Methods   
 
Zebrafish strains  
Zebrafish were raised at 280 C in a 14:10 hour light:dark cycle. The fish used for this 
study were: the wild-type AB strain (Walker, 1999), transgenic lines 
TgBAC(gng8:Eco.NfsB-2ACAAX-GFP)c375 also referred as Tg(gng8:GFP) 
(deCarvalho et al., 2013), which labels the entire dHb with membrane tagged GFP, 
Tg(-3.2fev:EGFP) (formerly known as Tg(pet1:GFP)) that labels serotonergic 
neurons in the brain (Lillesaar et al., 2008), Tg(dat:GFP) that labels cells expressing 
the dopaminergic transporter gene (Xi et al., 2011), and ET(vmat2:GFP) that labels 
all monoaminergic neurons, which express the vesicular monoaminergic transporter2 
gene (Wen et al., 2008).  
 
Preparation of transgenic constructs 
To generate the sst1.1:mCherry plasmid, a 2.9 kb region upstream of the sst1.1 gene 
was PCR amplified from a zebrafish BAC (Ch211-244C10) using primers that 
contain SpeI and MluI sites. The resultant PCR product was digested with the same 
restriction enzymes (New England Biolabs). A mCherry-caax fragment was PCR 
amplified from a plasmid QUAS:spGFP:nrx1b:2A:mCherry (Subedi and Halpern, 
unpublished) and digested with MluI and SacII. Both PCR products were 
simultaneously ligated into a vector containing Tol2 arms (pBT2) (Subedi et al., 
2014) that had been linearized with SpeI and SacII (Fig. 4-1A).  
For the sst1.1:QF plasmid, 3.9 kb upstream of sst1.1 was  PCR amplified from 
the same BAC. Additional genomic sequence was used because it included a NheI    




Figure 4-1.  Plasmids for generation of transgenic lines 
Maps of (A) sst1.1:mCherry-caax, (B) sst1.1:QF and (C) QUAS:tetx:2A:mCherry. Plasmids 




 (Subedi et al., 2014) following NheI and BamHI digestion (Fig. 4-1B).  
The QUAS and minimal promoter sequences were amplified from a 
QUAS:GFP plasmid (Subedi et al., 2014) using primers containing BglII and SpeI 
sites. Sequences corresponding to the tetx were amplified from pT2MUASTeTxLC 
(Asakawa et al., 2008) using a forward primer that contained a SpeI site and the 
Kozak consensus sequence and a reverse primer containing an XhoI site. The 
amplified fragments were digested using Spe1 and Xho1 and simultaneously ligated 
into a BglII and XhoI digested vector that contained 2A:mCherry sequences (Fig. 4-
1C). 
 
Generation of transgenic lines 
Single pairs of adults were set-up in mating tanks overnight, resulting in spawning 
and fertilization the next morning. Newly fertilized embryos were collected and were 
injected through the chorion at the 1-cell stage with a 1 nl mixture of 12.5 ng/ml of 
plasmid, 25 ng/ml of RNA encoding Tol2 transposase and 0.2% of phenol red in 
nuclease-free H2O (Ambion). Injections were performed in either transgenic 
TgBAC(gng8:Eco.NfsB-2ACAAX-GFP)c375 (deCarvalho et al., 2013) or Tg(-
3.2fev:EGFP (Lillesaar et al., 2007) embryos for the sst1.1:mCherry construct, 
Tg(QUAS:GFP)c403 (Subedi et al., 2014; [Appendix II]) embryos for sst1.1:QF and 
AB (Walker, 1999) embryos for QUAS:tetx:2A:mCherry. The injected embryos (F0 
generation) were raised to adulthood. To identify Tg(sst1.1:mCherry), F0 fish were 
intercrossed to generate F1 progeny. F1 embryos were examined under an Olympus 
MVX10 MacroScope at 2-5 d, and those exhibiting mCherry labeling were selected 
and raised to adulthood. The Tg(sst1.1:QF;QUAS:GFP) line was established by 
intercrossing F0 adults and selecting GFP positive embryos from their progeny. 
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Tg(QUAS:tetx:2A:mCherry) transgenic founders were identified by mating F0 adults 
to Tg(sst1.1:QF) and detecting mCherry labeled embryos. 
 
Laser ablation of Sst+ habenular neurons 
Fish carrying Tg(sst1.1:mCherry)c459 were mated to those with 
TgBAC(gng8:Eco.NfsB-2ACAAX-GFP)c375 and resultant progeny that had both the 
GFP and mCherry transgenes were selected. At 5 d, the doubly labeled larvae were 
anaesthetized in tricaine methanesulfonate (0.016%) (Western Chemical) and 
mounted in 1.2% low-melt agarose (Lonza). The mCherry labeled sst1.1 neurons in 
each dHb was ablated with a single pulse of 60% multi-photon laser power on a SP5 
inverted confocal microscope (Leica). The ablation was confirmed by fluorescent in 
situ hybridization (ISH) with a sst1.1 probe and GFP antibody labeling as described 







sst1.1:mCherry and sst1.1:QF constructs drive expression  in the brain  
Embryos injected with the sst1.1:mCherry-caax construct were visualized at 5 d and 
about 2% of them (n=6) showed mCherry labeling in the IPN and hindbrain. When 
sst1.1:QF was injected into Tg(QUAS:GFP) embryos, scattered GFP labeled cells 
were observed in the brain. The injected embryos were raised to adulthood and their 
progeny were screened for fluorescent neurons.  
 
Tg(sst1.1:mCherry) and Tg(sst1.1:QF;QUAS:GFP) label Sst+ neurons  in the dHb 
Tg(sst1.1:mCherry) F0 fish (n=13) were mated to AB fish and two founders were 
identified that produced embryos exhibiting mCherry labeling in the brain. One of the 
founders, Tg(sst1.1:mCherry)c458, generated embryos (2/2; 2.7% fertility) with faint 
mCherry labeling in the ventral midbrain underlying but not within the IPN (data not 
shown). With this transgenic insertion, neurons were also labeled in the dHb in the 
adult brain although not at larval stages (data not shown). Because labeling was not 
observed in the larval dHb, I did not pursue further work with the c458 transgenic 
founder.  
 The second founder, Tg(sst1.1:mCherry)c459, produced larval progeny (3/11; 
10% fertility) that showed variable patterns of labeling, with some having mCherry 
labeled cells in the dHb and midbrain and others with more widespread labeling in the 
forebrain, midbrain and hindbrain. A third class of embryos had labeled cells in the 
heart in addition to the brain. Tg(sst1.1:mCherry)c459 larvae that showed mCherry 
labeling in the dHb (Fig. 4-2A) were selected, raised to adulthood and used to 
generate a stable line. 
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Figure 4-2.  Recovery of sst1.1 driven transgenic lines 
(A) Tg(sst1.1:mCherry-caax)c459 larva shows mCherry labeled habenular nuclei (arrowheads) at 
5 d. (B) Cross section through the brain of Tg(sst1.1:QF;QUAS:GFP)c475;c403 adult shows GFP 






From eight adults screened after injection of the sst1.1:QF plasmid into 
Tg(QUAS:GFP)c403 embryos, one founder, Tg(sst1.1:QF)c475, was identified from its 
progeny, 20% of which showed scattered labeling in the brain at 1 d and in the ventral 
midbrain at 5 d (data not shown). In adults, distinct bilateral clusters of labeled 
neurons were observed in the dHb (Fig. 4-2B). 
 To confirm that the mCherry and GFP labeled cells in Tg(sst1.1:mCherry) and 
Tg(sst1.1:QF;QUAS:GFP) were indeed sst1.1-expressing neurons, I performed 
double labeling experiments. Using a probe directed against mCherry, I found that 
sst1.1 neurons in the dHb were co-labeled by the sst1.1:mCherry transgene in 5 d 
larvae (Fig. 4-3A). In sectioned brains derived from Tg(sst1.1:QF;QUAS:GFP) 
adults, fluorescent ISH with a sst1.1 probe, followed by immunofluorescence to detect 
GFP, revealed almost complete overlap in dHb labeling. Thus, transgenic lines 
generated from putative regulatory regions upstream of the sst1.1 gene recapitulated 
endogenous gene expression to label the Sst+ neuronal population of the dHb (Fig.  4-
3A and 4-3B).  
 
Sst+ neurons of the dHb innervate a restricted region of the IPN 
Sectioning of brains derived from either Tg(sst1.1:mCherry; gng8:GFP) or 
Tg(sst1.1:QF;QUAS:GFP) adults revealed that the efferents of Sst+ dHb neurons 
project to the dorsalmost part of the ventral IPN (Fig. 4-4A-C). When compared to the 
predicted subdomains of the IPN, the Sst+ endings are largely confined to the V-ii 
region (Fig. 4-4D). Interestingly, axons from the Sst+ subpopulation are not tightly 
bundled in the FR when they emerge from the dHb, but rather, are defasiculated from 
other habenular efferents en route to the IPN (Figs. 4-3B and 4-4A).  
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Figure 4-3.  sst1.1 driven transgenic lines label Sst+ habeular neurons 
 (A) Double fluorescent ISH of 5 d Tg(sst1.1:mCherry larva, with sst1.1 and mCherry probes 
reveals co-labeled neurons (arrowheads) in the dHb. (B) Overlap in fluorescent ISH signal for 
sst1.1 and GFP immunolabeling (left arrowhead) in a sagittal section through the brain of a 
Tg(sst1.1:QF; QUAS:GFP) adult zebrafish, in which the entire Hb-IPN pathway is visualized. 
The sst1.1 expressing IPN neurons (middle arrowhead) and the V-ii IPN (right arrowhead) are 
also indicated. Scale bars = 50 ! 
 










Figure 4-4.  Sst+ dHb neurons project to a restricted region of the vIPN 
The entire Hb-IPN pathway revealed in a mid-sagittal section through the adult zebrafish brain. 
mCherry labeled Sst+ neurons (purple) are a subpopulation of the dHb (green) and project only 
to the vIPN. (B) Magnification of (A) showing that the axons terminate in the V-ii region . (C) 
Schematic of proposed subdomains of the IPN (from deCarvalho et al., 2014). (D) Transverse 
section of adult Tg(sst1.1:QF;QUAS:GFP)c475;c403  brain shows a similar pattern of connectivity 
(Sst+ axon terminals in green) and, additionally, reveals a subset of fibers that project to the 
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Nociceptinergic neuronal populations in the V-ii IPN 
The finding that a subset of dHb neurons selectively innervates the V-ii IPN suggests 
that this region may itself have specialized properties. For example, although Sst1.1+ 
neurons are distributed throughout the IPN and Sst3+ neurons localize to the vIPN, the 
V-ii area is largely devoid of Sst+ cells. To determine the identity of neurons that are 
potentially innervated by Sst1.1+ dHb neurons, I analyzed data from the RNA-seq 
screen (refer to Chapter 3) and chose two related genes that appear to be expressed in 
the dorsal part of the ventral IPN. These genes were pnoca and pnocb, and both of 
them encode the nociceptin neuropeptide. 
 From fluorescent ISH and GFP antibody labeling of 
Tg(sst1.1:QF;QUAS:GFP), I found that the axon terminals of Sst1.1+ dHb neurons 
are closely associated with pnoca- and pnocb-expressing neurons (Fig. 4-5A and B), 
suggesting that these peptidergic neurons are their likely synaptic target. Since pnoca 
and pnocb neurons are located in the same area of the IPN, I performed double 
fluorescent ISH with probes for the two genes and found minimal coexpression, 
indicating that they comprise distinct neuronal populations (Fig. 4-5C). 
 
vIPN neurons also receive serotoninergic and dopaminergic input 
In axon tracing experiments, the zebrafish vIPN has been shown to make reciprocal 
connections with the RN (Agetsuma et al., 2010). To confirm this finding and 
determine the nature of the input from the RN to the IPN, I examined projections in 
brain sections prepared from Tg(-3.2fev:EGFP) adults (Lillesaar et al., 2007). fev 
(ETS oncogene family) is a transcription factor essential for the specification of 
serotonergic neurons (Hendricks et al., 2003) and is highly expressed in the RN  
(Lillesaar et al., 2007). I also used the enhancer trap line ET(vmat2:GFP) in which 
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Figure 4-5. Axon terminals of Sst+ dHb neurons associate with nociceptin neurons in the V-ii 
IPN  
Fluorescent ISH and GFP antibody labeling in brains of Tg(sst1.1:QF;QUAS:GFP) adults reveals a 
close association between the axonal endings of Sst+ dHb neurons and (A) pnoca- (sagittal section) 
and (B) pnocb-expressing neurons (cross section). (C) Although transcripts for both pnoc-related 
genes localize to neurons in the V-ii IPN, the two neuronal populations appear largely distinct 
(cross section). Scale bars = 50 ! 
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the majority of monoaminergic neurons, including serotonergic neurons of the RN, 
are labeled with GFP (Wen et al., 2008). Because GFP labeling is more robust in this 
transgenic line, it is easier to detect cells in double labeling experiments compared to 
(Tg(-3.2fev:EGFP). I found that, although the V-ii IPN has the densest innervation 
coming from the serotonergic RN, the dIPN and iIPN also receive input from the RN 
(Fig. 4-6A). It also appears that the pnoca neurons are located at the close proximity 
to serotonergic IPN neurons (Fig. 4-6B).   
 To test whether the IPN receives input from other brain regions, I also 
examined a dopaminergic transgenic line, Tg(dat:GFP). I unexpectedly found that the 
vIPN has dense dopaminergic fibers (Fig. 4-7A), which are likely derived from 
dopaminergic habenular neurons (Fig. 4-7B) some of which neurons are also express 
sst1.1 (Fig. 4-7B). In contrast, dopaminergic innervaton to the dorsal IPN appears to 
originate from neurons in the dorsal hindbrain (Fig. 4-7C).  
 
Laser ablation of Sst+ Hb neurons  
The Hb-IPN pathway has been implicated in the regulation of fear/anxiety (Agetsuma 
et al., 2010). To determine whether the Sst1.1+ subpopulation of the dHb is involved 
in these behaviors, I set out to eliminate these neurons selectively, either by direct 
laser ablation or with a targeted genetic approach in transgenic individuals. The laser 
beam causes tissue damage by a process called laser induced plasma formation (Vogel 
et al., 2005) which is capable of causing thermal and mechanical damage. I used 
Tg(sst1.1:mCherry; gng8:GFP)  larvae at 5 d and focused the laser beam on mCherry  
labeled  neurons  in   the  dHb.  In a preliminary experiment, I  used  this approach to 
eliminate the Sst1.1+ neurons bilaterally in 17 larvae (Fig. 4-8B) and kept 13 siblings 
as unablated controls (Fig. 4-8A).  
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Figure 4-6.  The IPN receives innervation from the RN 
(A) Fluorescent ISH with sst1.1 probe and GFP antibody labeling in a sagittal section of the 
brain of a (Tg(-3.2fev:EGFP) adult showed that the dIPN, iIPN and vIPN receive innervation 
from serotonergic raphe neurons. Although the dorsal, intermediate and the ventral IPN receive 
input from RN, the innervation is densest in the posterior V-ii IPN (arrowhead). (B) pnoca 
expressing IPN neurons are surrounded by serotonergic IPN neurons as shown by fluorescent 
ISH with pnoca probe and GFP antibody labeling in coronal section of the adult Et(vmat2:GFP) 

















Figure 4-7.  The IPN receives dopaminergic innervation 
Fluorescent ISH with a sst1.1 probe and GFP antibody labeling in brains of Tg(dat:GFP) adults 
shows that (A) the vIPN receives denser dopaminergic innervation compared to the dIPN (cross 
section). (B) Dopaminergic neurons in the dHb, some of which are also Sst+ (arrowheads, 
transverse section). (C) The dorsal IPN receives innervation from dorsal hindbrain neurons (top 
arrowhead) and dopaminergic axons in the FR project to the vIPN (arrowhead, sagittal section). 
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Figure 4-8. Laser ablation of Sst1.1+ dHb neurons  
(A) Tg(sst1.1:mCherry; gng8:GFP), showing mCherry labeled Sst+ neurons within the dHb 
(dorsal view) in the control larva. (B) Immediately following laser treatment, these Sst+ regions 
in the left and the right Hb show holes as well as abnormal and increased fluorescence in the red 
channel suggestive of dying tissue. (C) Fluorescent ISH for sst1.1 and GFP immunolabeling 
confirm ablation of the Sst+ population in the left Hb, few neurons in the right remain intact 
(white arrowhead). (D) Example of an unsuccessful ablation with bilateral clusters of sst1.1+ 
neurons intact. Scale bars = 50 ! 
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To confirm the loss of Sst+ Hb neurons at 3 d post ablation (8 d old larvae), 
fluorescent ISH with sst1.1 probe and GFP antibody labeling were performed. Double 
labeling was used to show the presence or absence of sst1.1+ Hb neurons and confirm 
the boundary of the dHb. Among the ablated larvae, six completely lacked sst1.1+ 
neurons in the left habenula (Fig. 4-8C), one had no sst1.1+cells on the right and a few 
in left, and the remainder had no apparent reduction (Fig. 4-8D). These results 
indicate that this method for selectively removing the dHb subpopulation requires 
further optimization.  
 
Generation of transgenic reagents to manipulate the Sst+ Hb-V-ii IPN neuronal 
pathway 
In parallel, I worked on a genetic approach to inactivate Sst1.1+ neurons through 
inhibition of neural transmission. Asakawa et al., (2008) previously demonstrated that 
expressing tetx in neuronal subsets in the zebrafish larval brain results in defective 
behavior (Asakawa et al., 2008). On account of the high levels of expression and 
limited silencing observed with the QUAS transgenic reporter (Subedi et al., 2014), I 
chose to produce an effector line with tetx under control of the QUAS. Two 
Tg(QUAS:tetx:2A:mCherry) female founders were recovered that produced progeny 
that had low levels of maternally deposited mCherry protein. This was not 
unexpected, as we had previously determined that the QUAS had been accidentally 
cloned in reverse orientation relative to the reporter gene. This in turn, leads to 
constitutive activation of QUAS-regulated transgenes in oocytes in the absence of the 
QF transcription factor  (Subedi et al., 2014; see Appendix II).  Despite low levels of 
maternal expression from the QUAS:tetx:2A;mCherry transgene, it was sufficient to 
produce embryos that were unable to twitch, move, or emerge from the chorion. 
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When manually dechorionated at 2 d, these embryos could not straighten themselves, 
remained immotile and unresponsive to poking. These characteristics, as well as a 
fixed open mouth at 4 d (Fig 4-9A), were all indicative of tetanus toxicity.  
 To circumvent this problem, I screened for a male transgenic founder as we 
had found that there is no constitutive expression from QUAS-regulated transgenes 
when they are inherited from the father (Subedi et al., 2014; refer to Appendix II).  
Out of 13 screened males, I discovered one that produced one positive progeny from a 
clutch of embryos (0.8%, n=1/112). At 5 d, the larva bearing the 
QUAS:tetx:2A:mCherry transgene was normal (Fig. 4-9B). However, because 
germline transmission from the male founder was very low, I was unsuccessful at 
establishing a stable transgenic line. 
As an alternate approach, I also generated a new construct, with the QUAS 
sequence introduced in the original orientation (Potter et al., 2010). Our recent data 
indicate that the QF transcription factor activates a stable Tg(QUAS:GFP) line with 
the revised construct and that transgenic females show no evidence of maternal 
expression in their eggs (unpublished observations). Once recovered, the new 
Tg(QUAS:tetx:2A:mCherry) line should enable me to block neurotransmission from 




Figure 4-9.  Recovery of  Tg(QUAS:tetx:2A:mCherry)  
Tg(QUAS:tetx:2A:mCherry) larvae (side views) (A) When a female founder was crossed with 
an AB male, larval progeny (4 d) show maternal deposition of mCherry as shown in left panel 
(diffused red in the brain and the gut), that results in the lock-jaw phenotype, magnified in the 
inset (right) (B) The progeny of a male founder, crossed to sst1.1:QF driver female does not 
show mCherry deposition and has normal closure of the mouth at 5 d indicating that the toxin is 








The nervous system is made up of discrete, individual cells that are interconnected 
through membranous extensions was first proposed by Ramon y Cajal (reviewed by 
Finger, 2000). The idea was furthered by technical advances in, microscopy, 
histochemistry and electrophysiological methods (Lopez-Munoz et al., 2006). In 
recent years, genetic approaches in animal models have enabled labeling of neuronal 
processes with different fluorescent proteins and visualization of neural circuits in 
vivo (Arenkiel et al., 2007; Pan et al., 2011). Transgenic animals are not only useful 
to visualize circuits, but they can also be used to study the development and function 
of specific neuronal populations (Chronis et al., 2007; Deisseroth et al., 2006; 
Guzowski et al., 2005; Kobayashi et al., 2013). 
Zebrafish is a valuable model to study the nervous system because fertilization 
is external, early development is rapid and embryos are transparent, allowing 
monitoring of neural activity in real time (Fetcho and O’Malley, 1995). Additionally, 
adoption of Tol2 transposition (Kawakami et al., 2000) has made the production and 
recovery of transgenic animals a routine procedure.  
The identification of transcripts that are enriched in and demarcate precise 
regions of the IPN (refer to Chapter 3) provided candidate genes to generate new 
transgenic tools. Because my initial goal was to develop a transgenic line that would 
permit visualization of IPN neurons and their efferent connections, I focused first on 
isolating sequences upstream of the sst1.1 gene that is expressed broadly in the IPN.   
Several studies in zebrafish have successfully produced transgenic zebrafish 
that label specific neuronal populations through the use of cis-regulatory regions from 
relevant genes. For example, approximately, 3.2 kb upstream of the fev gene labels 
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serotonergic neurons in the RN and other areas of the brain (Lillesaar et al., 2007) as 
does a 3.4 kb sequence upstream of tph2 (Yokogawa et al., 2012). When I began this 
work, 2.5 kb of sequence of the somatostatin-related gene sst2 was shown to be 
sufficient to drive expression in delta-cells of pancreas (Li et al., 2009). I, therefore, 
sub-cloned 2.9 kb and 3.9 kb upstream sequences of sst1.1 to generate transgenic 
lines, owing to convenient restriction sites, and because these fragments include two 
copies of c-AMP response element (CRE) binding sites along with other transcription 
factor binding sites.  
 When stable transgenic lines were recovered, I found that neither the 2.9 or 3.9 
kb fragment was sufficient to drive expression in IPN neurons. Because sst1.1 is 
transcribed in cells throughout the brain, gut and pancreas (Patel, 1999) it is likely that 
there are multiple other upstream regulatory elements required to recapitulate 
endogenous gene expression including that of IPN neurons. However, by examining 
sections of the adult brain, I fortuitously discovered that both fragments activate 
reporter expression in small clusters of neurons in the left and right dHb and 
confirmed by ISH that these were indeed Sst+ neurons. Besides the dHb, these 
transgenic fish also have labeling in a few Sst1.1+ neurons in the ventral 
diencephalon. Since the presence of Sst+ neurons has not been described in the 
habenulae of any other vertebrates, I determined that these transgenic lines were 
particularly valuable for examining IPN connectivity. 
In mammals, lesioning and immunohistochemistry experiments suggest that 
groups of Hb neurons with specific neurotransmitter phenotypes innervate different 
regions of the IPN. For instance, axons from cholinergic neurons terminate in the 
dorsal and the central IPN, whereas neurons expressing Substance P project to the 
rostral and lateral subnuclei (Contestabile et al., 1987; Antolin-Fontes et al., 2014). 
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With the transgenic lines I generated, I discovered that the Sst+ Hb neurons project to 
a highly restricted region of the IPN, which had been designated as the V-ii IPN 
(deCarhvlho et al., 2014). It is likely that distinct neurotransmitter/neuropeptide 
expressing neuronal populations of the Hb innervate various subregions of the IPN to 
form a precise connectivity map. The identification and localization of receptors to 
defined groups of IPN neurons will provide further evidence in support of this idea. 
For example, enrichment of nicotinic cholinergic receptors in the intermediate IPN of 
adult zebrafish, suggests that this subregion is preferentially innervated by the 
cholinergic neuronal subpopulation of the dHb. 
In mammals, neurons of the striatum and cerebral cortex co-express receptors 
for dopamine and Sst (Rocheville et al., 2000), therefore I tested, whether there is an 
overlap between Sst+ and dopaminergic neuronal populations. Interestingly, I found 
that the sst1.1+ Hb neurons are also dopaminergic and they project to the vIPN, but 
the dIPN receives input from the dorsal hindbrain.  
The V-ii area of the IPN, where the Sst1.1+ Hb neurons terminate, is enriched 
in neurons that either express the pnoca or pnocb genes. As described in Chapter 3, 
both of these genes encode the opioid-related neuropeptide nociceptin. Whether the 
Sst1.1+ axon terminals form synaptic contacts with these neurons remains to be 
confirmed, either by electrophysiology or by antibody staining against synaptophysin, 
(Calhoun et al., 1996) or other synaptic proteins.   
Nociceptin causes pain (hyperalgesia) (Reinscheid et al., 1995), and attenuates 
the pain relieving (analgesic) effect of opioids (Mogil et al., 1996). It has also been 
suggested that this peptide has an anxiolytic effect and reduces fear induced behaviors 
(Jenck et al., 1997; Reinschied et al., 2000). In mammals, the pnoc gene encodes 
additional peptides including nocistatin that has an analgesic effect (Okuda-Ashitaka 
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et al., 1998, Okuda-Ashitaka and Ito, 2000). In the periaqueductal gray (PAG) region 
of the midbrain tegmentum, Sst is known to inhibit nociceptin neurons (Connor et al., 
2004). Injecting Sst into the PAG and RN results in analgesia in the cat (Helmchen et 
al., 1995). Accordingly, my data suggest that the Sst+ neurons of the Hb likely 
modulate nociceptin neurons of the V-ii IPN in zebrafish.  
As a first step toward addressing this hypothesis, it is important to determine 
whether pnoc+ neurons express any Sst receptors. Since the two types of nociceptin 
producing neurons appear to be distinct populations, it is possible that they are 
regulated differently and express different receptors. Production of transgenic lines to 
label these neuronal sub-groups and their efferent projections will reveal whether they 
have shared or distinct targets. 
Based on the connectivity of the Sst+ neurons with the V-ii IPN, I formulated 
the following model (Fig. 4-10). In the dHb, Sst1.1+ neurons are active during 
baseline activity when no aversive stimuli are present and, as a result, neurons in the 
V-ii region of the IPN are inhibited. Simultaneously, GABAergic neurons inhibit 
serotonergic neurons in the RN to prevent the release of serotonin. When a fearful or 
painful stimulus is provided, the inhibitory Sst1.1+ neurons of the dHb are inactivated 
and nociceptinergic neurons are free to inhibit GABAergic neurons in the RN. This 
allows activation of serotonergic raphe neurons and increases release of serotonin, 
resulting in enhanced fear or pain.  
This model can be tested by following experiments: first, the calcium activity 
during baseline and after the painful stimulus can be monitored in the Sst1.1+ neurons 
of the Hb using Tg(gng8:Gal4;QUAS:GCaMP;sst1.1:mCherry) fish. Then the 
synaptic connection between Sst1.1+ habenular axon terminals with pnoca and pnocb 




Figure 4-10.  Proposed model of the action of the Sst+ Hb-V-ii IPN pathway 
(A) During baseline activity, somatostatinergic dHb neurons inhibit nociceptinergic neurons in 
the V-ii IPN. Inhibitory GABAergic neurons in the RN regulate serotonergic neurons in the RN 
to balance serotonin levels. (B) In the presence of an aversive stimulus, somatostatinergic Hb 
neurons are inactivated, leading to disinhibition of nociceptinergic neurons. As a result, 
nociceptin neurons can inhibit GABAergic neurons in the RN, allowing serotonergic neurons to 




ISH with pnoca/b probes along with the antibody for synaptophysin or any other 
synaptic markers. If there were a connection between nociceptin neurons of the V-ii 
IPN with GABAergic neurons in the RN, then it would be expected that GABAergic 
neurons in the RN express opioid like receptor 1 (oprl1), a cognate receptor for 
nociceptin peptide. This can be established by performing fluorescent ISH with probe 
for oprl1, in transgenic lines that have labeling of GABAergic neurons with GFP or 
RFP (Satou et al., 2013).  
With Tg(sst1.1:mCherry; gng8:GFP) larvae, I attempted to assess the role of 
the Sst1.1+ Hb-V-ii IPN pathway in response to an aversive stimulus by laser ablating 
the Sst+ Hb neurons. However, the difficulty of completely abolishing the Sst1.1+ Hb 
neurons did not permit conclusive experiments on the behavioral consequences.  
Recent genetic strategies provide an alternative means for eliminating specific 
neuronal populations or abolishing their activities by expressing bacterial enzymes or 
toxins, such as, nitroreductase, tetanus toxin, botulinum toxin and diphtheria toxin 
(Kurita et al., 2003; Curado et al., 2007; Asakawa et al., 2008; Nevin et al., 2008). To 
manipulate the Hb-IPN genetically, I adapted the Q-binary system (Subedi et al., 
2014) for use in zebrafish. Tg(sst1.1:QF) driver along with an effector line expressing 
the tetx gene will allow me to express tetanus toxin specifically in Sst+ Hb axon 
terminals, thus inhibiting neurotransmission to nociecptin neurons in the V-ii IPN. As 
a result, the nociceptin neurons will be free to inhibit GABAergic neurons in the RN, 
disinhibiting the serotonergic neurons in the RN (Fig 4-10). After inactivation of 
Sst1.1+ Hb-IPN, disinhibition of the serotonergic raphe neurons can be monitored by 
mating Tg(sst1.1:QF;QUAS:text;2A:mCherry) with Tg(tph2:Gal4; UAS:GCaMP) and 
imaging Ca++ activity in serotonergic raphe neurons. Tg(tph2:Gal4;UAS:GCaMP) 
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express genetically encoded calcium indicator (GCaMP) in serotonergic neurons of 
the RN (Nakai et al., 2001; Yokogawa et al., 2012). 	  
In addition to tetanus toxin expressing lines, other effectors can also be 
generated and mated with the Tg(sst1.1:QF). Generating QUAS lines with 
channelrhodopsin and halorhodopsin genes will allow constitutive activation and 
inhibition (Deisseroth et al., 2006) of these Hb neurons to assess the change in 
behaviors during a fearful/stressful stimulus. Based on the model, I would expect that 
constitutively activating these Sst1.1+ Hb neurons would reduce stress in the presence 
of fear/stressful stimuli, on the other hand, constitutively inhibiting them could result 
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Chapter 5: Concluding remarks 
 
From large-scale brain atlas and connectomics projects (Burns et al., 2013; Lichtman et 
al., 2014; Feng et al., 2015) and targeted funding initiatives 
(http://braininitiative.nih.gov), a concerted effort is underway to characterize the many 
types of neurons and how they are wired in the human brain. If achieved, the goal of 
understanding how neural circuits operate will surely provide new insights into normal 
behavior and neurological disorders.  
 The zebrafish is a particularly useful model for such studies because it has a 
significantly smaller brain, is amenable to genetic and transgenic manipulations and, 
perhaps most importantly, allows real-time imaging of neural activity (Fetcho and 
O’malley, 1995; Ahrens et al., 2012; Huang et al., 2013), making it possible to directly 
correlate neuronal identity and function. 
 Focusing on a prominent neural pathway, such as the habenulo-interpeduncular 
nucleus (Hb-IPN) conduction system from the forebrain to the midbrain, is proving to be 
an especially productive approach. Interest in the dorsal habenulae (dHb) of zebrafish 
was originally generated because of notable differences between the left and right nuclei, 
providing a unique model for exploring the developmental basis and function of 
asymmetry in a vertebrate brain. However, deciphering the relevance of L-R asymmetry 
in the Hb-IPN pathway requires a greater basic understanding of these brain regions and 
the neuronal populations they encompass.  
  A major goal of my project was to learn more about the IPN, an unpaired nucleus 
exerting important regulatory influences on other brain regions, but having limited 
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knowledge of its neuronal subpopulations and their connections. The work described in 
this thesis will not only further our understanding of the neuronal population of the IPN 
and their organization, but also demonstrates a precise topographic map between the Hb  
to the IPN. In addition, my findings and the transgenic tools I generated have led to new 
research directions as described below.  
 
Identification of a unique somatostatinergic (Sst+) neuronal population in the dHb  
While screening for genes that are expressed in the zebrafish IPN, I found that sst1.1 is 
also expressed in the dHb. This finding was unexpected because the Sst+ population has 
not been reported in the dHb in any vertebrate, although there is one report where Sst+ 
fibers were identified in the Hb (Shiosaka et al., 1981). Scanning through the in situ 
hybridization (ISH) data in the Allan Brain Atlas, I noticed that there appear to be sst 
expressing neurons in the mHb even though this gene is not listed as being expressed in 
the habenular region. This suggests that the presence of Sst+ neurons may be a highly 
conserved feature of the dHb across vertebrates, a point that requires further 
investigation. In addition to the other neurotransmitter expressing populations that were 
published (deCarvalho et al., 2014), I unexpectedly identified a dopaminergic neuronal 
population in the dHb. These neurons are symmetrically located in both the left and the 
right dHb, and some of them co-express sst1.1. 
Based on the expression patterns of genes conferring cholinergic, glutamatergic, 
and peptidergic phenotypes, we propose distinct neuronal populations in the dHb of 
larval and adult zebrafish. Earlier, with two zebrafish transgenic lines, Tg(brn3a-
hsp70:GFP) and Tg(nptx2:Gal4;UAS:DsRed2), which label selective populations of 
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neurons in the dHb, two subnuclei were designated (Aizawa et al., 2005; Agetsuma et al., 
2010). Furthermore, the inactivation of these putative subnuclei have led to conclusions 
about their functional specializations (Agetsuma et al., 2010; Aizawa et al., 2005; Lee et 
al., 2010). These transgenic lines were generated by cloning regulatory sequences of a 
widely expressed transcription factor, (Tg(brn3a-hsp70:GFP)) or by integrating Gal4 into 
a gene locus that encodes a protein involved in excitatory synapse formation 
(Tg(nptx2:Gal4;UAS:DsRed2)). By carefully comparing the habenular labeling of the 
two transgenic lines relative to neuronal populations with discrete neurotransmitter 
identities, we found that the transgenic lines are unlikely to represent functional subnuclei 
of the dHb owing to incomplete overlap (deCarvalho et al., 2014). These findings 
highlight the importance of generating transgenic lines that label specific neuronal 
populations based on their shared properties such as neurotransmitter phenotype, afferent 
and efferent connections and ultimately functions.   
 
An emerging connectivity map between dHb neurons and subregions of the IPN 
Anterograde labeling has established that the left dHb innervates the dorsal, intermediate 
and ventral IPN, whereas the right Hb only innervates the ventral IPN (Gamse et al., 
2005). However, based on the newly described complexity of the dHb (Hong et al., 2013; 
deCarvalho et al., 2014) habenular innervation to the IPN could be far more complicated 
than the simple dorsal, intermediate, ventral maps that had been proposed earlier (Gamse 
et al., 2005; Aizawa et al., 2005). Using a transgenic line that labels the entire dHb with 
membrane tagged GFP (deCarvalho et al., 2013), we could demarcate a stereotypic 
pattern of nerve terminals at the IPN. Habenular axons terminate in bundles that localize 
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to at least six discrete subregions. This designation of IPN subregions is further supported 
by my discovery that the Sst+ population of habenular neurons innervate a restricted 
domain of the vIPN, designed as the V-ii region (deCarvalho et al., 2014).   
 
Transcriptional profiling reveals distinct neuronal populations in the IPN 
After increasing our understanding about the molecular identities of neurons in the 
zebrafish dHb (Hong et al., 2013; deCarvalho et al., 2014) and their confined connections 
to the IPN, I embarked on a project to characterize this target in greater detail. 
Specifically, I aimed to better define the molecular properties of the IPN and its 
subregions. Previous approaches, in which candidate genes known to be expressed in the 
IPN of mammalian or non-mammalian vertebrates were tested in larval zebrafish, had 
proven unsuccessful (Halpern laboratory, unpublished observations). I, therefore, decided 
to take advantage of next-generation sequencing techniques for unbiased transcriptional 
profiling of this brain region. 
The data obtained from the RNA-seq, provided a list of genes that were enriched 
in the IPN samples and results across multiple runs were also comparable. However, 
some genes that were widely expressed in other areas of the brain were also highly 
enriched in these experiments. Since the control sample was whole brain, it is possible 
that the concentration of transcripts was diluted in the control because of the larger tissue 
volume compared to the IPN. Instead of the entire brain, smaller tissue samples from 
multiple brain regions, such as, forebrain, midbrain and hindbrain may prove to be better 
controls for future experiments.  
Aside from the genes that I have tested, there is a long list of genes enriched in the 
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IPN samples that need to be confirmed, which may uncover new function in the IPN. One 
such example is the gene chemokine (c-x-c motif) ligand 14 (cxcl14), transcripts of which 
are highly enriched in the IPN, but not a lot is known about its function in the nervous 
system. Recently, it has been shown that this chemokine is involved in the regulation of 
GABAegic synaptic transmission (Banisadr et al., 2011), suggesting it may also regulate 
GABAergic neurotransmission in the IPN and modulate behaviors such as sleep, stress 
and fear. Some of the candidate genes from the RNA-seq experiments are also listed as 
being expressed in the mouse IPN in the Allan Brain Atlas (Table 5-1), indicating 
similarity between the mouse and the zebrafish IPN.  Expression of two of them (cadps2 
and chrna2) has already been verified in the zebrafish IPN (Chapter 3; Hong et al., 2013). 
One interesting observation I made from the validation of candidate genes from 
RNA-seq experiments by ISH was that two somatostatin-related genes, sst1.1 and sst3 
(cort homolog of zebrafish), colocalized in vIPN neurons. While it is known that sst is 
expressed in the mammalian IPN, (Morley et al., 1985), there is no data available for cort 
expression, although it is known that this gene is expressed in the cortex of mammals and 
plays a role in sleep regulation. Given the role of the IPN in sleep and raphe nucleus (RN) 
in arousal, it is possible that these Sst+ neurons play a role in regulating sleep, via their 
connection with the raphe neurons. In addition, gsc2 expressing neurons are present in 
the zebrafish IPN similar to the mammalian IPN. These neurons also regulate sleep in 
mammals. Although gsc2 neurons are present only in the IPN in mammals (Funato et al., 
2010), a few gsc2 expressing neurons were also found in the dorsal hindbrain of zebrafish  
suggesting that they may have additional roles  in  the  zebrafish brain. On the other hand, 








log2 fold increase 
in zebrafish IPN 
 
btb (poz) domain containing 3 btbd3 0.55 
*ca2+-dependent activator protein for secretion 2 cadps2 1.86 
calcium channel, voltage-dependent, gamma subunit 
5 cacng5 3.48 
carbohydrate (n-acetylgalactosamine 4-sulfate 6-o) 
sulfotransferase 15 chst15 0.44 
chemokine (c-x-c motif) ligand 14 cxcl14 3.64 
chemokine-like receptor 1 cmklr1 1.02 
*cholinergic receptor, nicotinic, alpha polypeptide 2 
(neuronal) chrna2 3.25 
diacylglycerol kinase, beta dgkb 1.36 
discs, large (drosophila) homolog-associated protein 
2 dlgap2 0.15 
ectonucleoside triphosphate diphosphohydrolase 3 entpd3 1.07 
endothelin converting enzyme-like 1 ecel1 0.77 
fibronectin leucine rich transmembrane protein 2 flrt2 0.52 
g protein-coupled receptor 56 gpr56 0.21 
myosin vb myo5b 0.54 
neuropilin (nrp) and tolloid (tll)-like 1 neto1 0.26 
phosphodiesterase 3a, cgmp inhibited pde3a 0.54 
potassium inwardly-rectifying channel, subfamily j, 
member 9 kcnj9 1.40 
prostate androgen-regulated mucin-like protein 1 parm1 0.29 
riken cdna 1810041l15 gene 1810041l15rik 0.87 
riken cdna 4833424o15 gene 4833424o15rik 1.93 
sortilin-related vps10 domain containing receptor 3 sorcs3 1.56 
st6 (alpha-n-acetyl-neuraminyl-2,3-beta-galactosyl-
1,3)-n-acetylgalactosaminide alpha-2,6-




Table 5-1. Genes expressed in the mouse IPN compared with zebrafish  
The list of genes expressed in the mouse IPN was collected from Allan Brain Atlas. Transcript enrichment 
from RNA-seq experiments (the final duplicate experiment) on the IPN of adult zebrafish is indicated. 




(Neal et al., 1999) whereas, in zebrafish, both of the paralogs (pnoca and pnocb) are 
expressed in the V-ii subregion, pnoca being even more strictly concentrated in the dorsal 
V-ii IPN. Identification of these nociceptin neurons that are innervated by Sst+ Hb 
neurons suggests that a precise topographic map exist between the dHb and the IPN.  
 The data collected from RNA-seq experiments were useful not only to identify 
transcripts enriched in the IPN, but also ones that are expressed in the dHb and RN. One 
gene that was expressed throughout the dHb was cholinergic receptor, muscarinic 2a 
(chrma2). Less is known about the expression of muscarinic receptors and their function 
in the Hb compared to nicotinic receptors. There is one report that shows that mRNA of 
these receptors are absent from the rat mHb, but are present in the lateral Hb (Villaro et 
al., 1992).  
The cocaine and amphetamine regulated prepropeptide (cart4) gene that was 
highly enriched in RNA-seq experiments was expressed in a highly restricted neuronal 
population in the RN. Since the number of neurons that express these transcripts was low, 
it presents the difficulties in identify all neuronal populations in the brain without the 
transcriptome data.  
The RNA-seq data are also useful for obtaining full-length sequences for the 
genes that have not been well-defined in the zebrafish genome. An example is, the RNA-
seq data that I generated was used to identify the full-length sequence of the chatb gene 
(Hong et al., 2013), which is located in an unannotated region of zebrafish genome and 
the sequence of this gene was crucial to establish the presence of cholinergic population 
in zebrafish dHb. Furthermore, the nicotinic acetylcholine receptors that were enriched in 
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the IPN samples by RNA-seq data were also shown to be expressed in the IPN (Hong et 
al., 2013).     
Another important outcome of transcriptional profiling of the IPN is that a 
number of genes were discovered that show partially overlapping patterns of expression, 
such as sst1.1 and sst3 (cort). Although both genes were widely expressed throughout the 
zebrafish brain, I found they are co-expressed only by neurons in the ventral IPN. By 
identifying the cis-regulatory regions for the two genes, gene expression can be 
selectively manipulated in neurons of interest by intersectional approach using newly 
adapted binary system as described below.  
 
Transgenic application of a new transcriptional regulatory system to study the Hb-
IPN pathway 
A binary system that has been widely applied to zebrafish is the Gal4-UAS system 
(Davison et al., 2007), however the methylation of multicopy UAS and silencing of 
reporter gene in subsequent generations has led us to adapt a new binary system, Q-
system, that was applied to Drosophila (Potter et al., 2010) earlier. Using this method, 
the sst1.1 transgenic lines have been generated that selectively labels the Sst+ habenular 
neurons. By generating effector lines that express enzymes such as nitroreductase 
(Davison et al., 2007) as well as toxins such as diphtheria toxin (Kutira et al, 2003) and 
tetanus toxin (Sweeney et al., 1995), Sst+ neurons in the dHb can be genetically ablated 
or inactivated. Additionally, the effector lines expressing channelrhodopsin, 
halorhodopsin, genetically encoded Ca++ indicator (GCaMP), will allow us to 
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constitutively activate, inactivate, and monitor neuronal activity in the presence and 
absence of different stimuli.  
 With the transgenic line that I generated using the Q-system that labels Sst+ Hb 
neurons and their axon terminals at the V-ii IPN, Tg(sst1.1:QF;QUAS:GFP), I was able 
to show that the pnoc transcripts were localized in the V-ii IPN. Given the role of 
nociceptin in hyperalgesia and stress, I hypothesize that the Sst+ Hb neurons modulate 
these nociceptin neurons and regulate pain and stress related behaviors. When these 
habenular neurons are inactivated, or killed, I expect that the fish will become stressed, 
and would spend more time in the bottom or edge of a novel tank (Egan et al., 2009) or 
show increased freezing compared to the wild type siblings. On the other hand, activation 
of these neurons will result in the less anxious fish that would show opposite behavior to 
that of the stressed fish, even in the presence of a fearful stimulus, such as electric shock 
(Agetsuma et al., 2010) or placing an animated image of a predator in the tank (Ahmed et 
al., 2010).  
As described in the earlier paragraph, the intersectional approach is an essential 
strategy to understand the function of IPN neurons, as all of the genes identified thus far 
as being transcribed in IPN neurons are also expressed elsewhere in the brain. A number 
of methods are now available to accomplish intersectional gene expression from 
transgenes. Some such as the tet on (Knopf et al., 2010) and Cre-lox systems (Mosimann 
and Zon, 2011) have already been applied to zebrafish, while others are highly effective 
in invertebrates, such as split Gal4 in Drosophila, (Luan et al., 2006) and split QF in C. 
elegans (Wei et al., 2012).  
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I attempted to apply the Cre-lox system to genetically manipulate the vIPN 
neurons that co-express both sst1.1 and sst3. When cre-recombinase encoding RNA is 
injected into Tg(sst1.1:cre;sst3:loxP:stop:loxP:dptx) (dptx-dephtheria toxin) embryos,  
the recombinase excises the loxP sites, expressing dptx in the vIPN neurons. Another 
approach I tried was to apply split QF (Wei et al., 2012). Similar to any other 
transcription factor, QF can be split into DNA-binding domain (DBD) and activation 
domain (AD) and when each domain is tethered to leucine zippers, they can be re-
assembled into a functional transcription factor when expressed into the same cell (Wei et 
al., 2012). By generating Tg(sst1.1:DBD-QF; sst3:AD-QF), it would be possible to 
specifically label, inactivate the vIPN neurons by expressing these two domains of QF 
along with QUAS reporters/affectors.  
Since the upstream regulatory elements that I cloned to generate the sst1.1 and 
sst3 transgenic lines were not sufficient to label vIPN neurons, a preferred method is 
BAC recombineering (Copland et al., 2001). Alternatively, recent method such as 
clustered regularly interspaced short palindromic repeats (CRSPER)/Cas9 targeted 
integration system (Auer et al., 2014), that allow insertion of a transgene into a specific 
locus of the genome can be applied instead of cloning upstream regulating sequences to 
generate transgenic lines.  
In summary, my research has furthered our understanding of the precise 
connectivity of habenular neurons to a discrete region of the IPN. I have also broadened 
our understanding of the neuronal population in the IPN and its subregions. In addition, 
the RNA-seq data can be used to screen additional markers for the IPN and also to 
sequence genes that are located in the unannotated region of the zebrafish genome. 
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Besides these, the newly adapted Q-system and the reagents that were generated in this 
research are being used in numerous zebrafish labs. Therefore, my research not only has 
an impact on understanding the Hb-IPN neuronal pathway in zebrafish, but also has a 









Forward primer 5'-3' 
 
Reverse primer 5'-3' 
 
c2cd4c 
AAA GAT CAG CAG CCC 
TCG TA 
GCT GCA CTC ATC CGT AGA 
CA 
cart4 
CAG GTC TCT CTT GAT GAA 
CTG 
GAA ATA GTA GAT AGC 
AGA CT 
gad1b 
ATT GGT CTG GCT GGA GAA 
TG 
GTG GCA TTC ACA AAC AGT 
GG 
glra3 
CCC ATG TCA CCC TCT GAC 
TT 
CTG TGG AAG GGT CAG TCC 
AT 
grm6a 
CAG GTT GTG GGA GTT TTC 
GT 
TTG GTC TCT CCG TTC TGC 
TT 
gsc2 
CTT CGG CTT CAG CAT CGA 
C 
TCA GTC GCT GTG CAT GAC 
G 
htr1ab 
AGT GTA CGA GCT CCT CCG 
AA 
AGA GCA GCG CGT TTT AAT 
GT 
mmel1 
AAG TCC TGG AGC TGG 
AGA CA 
CTC TCT GGC CTT CAC TTT 
GG 
nhlh2 
TGC ACT TAG GAA GCC TCG 
AT 
CTC CCA AAC CAT AAA 
AGG CA 
oprd1b 
CAG AAT GGT ACT GGG 
ATA CAG 
CTC AGT TGT AGA GAT CTG 
G 
tph2 
GCA ACA GTG AAG GTG TTT 
GAC 




Table AI-1a: Primers were used to amplify cDNA for cloning into the TOPO-TA vector and 
generation of RNA probes 





Forward primer 5'-3' 
 
Reverse primer 5'-3' 
 
cadps2 
ATG GTA CTG AGC GGA 
GGT TG 
gtt tca att tag gtg aca cta tag TTT 
GGG CTT GAA GTC TTT GG 
cart2 
TGT ACG GAA GTG TTA CTT 
CTG CTC 
GGA TCC att aac cct cac taa agg 
gaA GGC CGC GAC CTG CAG 
CTC 
chrm2a 
TGC CTC AGT GAT GAA CTT 
GC 
gtt tca att tag gtg aca cta tag TTC 
TGT AGC TTG GCA TCG TG 
chrm3a 
AGG TTC AGG TGG ACG ATT 
TG 
gtt tca att tag gtg aca cta tag GGT 
GGT ATC TGT TGT CGG CT 
chrn4b 
TCG CAA TCT ATG TTT CTG 
CG 
gtt tca att tag gtg aca cta tag TGC 
ATT CAG ATC AGT GGA GC 
cplx3b 
TTG GAC AAA CAG TTC GAG 
TG 
gtt tca att tag gtg aca cta tag GAT 
CAC ATG ACG CAG CAC TT 
drd1 
TGA TGA TCA GCG TAG CTT 
GG 
gtt tca att tag gtg aca cta tag CGG 
CAT TGA AGG CGT ATA TT 
drd3 
TTG CTG TGC TTC GAG AGA 
GA 
gtt tca att tag gtg aca cta tag TTT 
TCT CTT TGT GTG CGT CG 
drd5 
CTG TGC GTA ATC AGC TTG 
GA 
gtt tca att tag gtg aca cta tag ATA 
GAT GAT CGG GTT GAG CG 
gria3a 
GAG CAC GAA AGA TCG 
GCT AC 
gtt tca att tag gtg aca cta tag CGC 
AAA CAC GAT ACA CAT CC 
gria4b 
GCT TTC AGC TGG TGG ACT 
TC 
gtt tca att tag gtg aca cta tag ATT 
CCC CTC GTA CAT TTC CC 
grm6 
CAG GTT GTG GGA GTT TTC 
GT 
gtt tca att tag gtg aca cta tag TTG 
GTC TCT CCG TTC TGC TT 
gsc2 
GTG CAG GAC AAG AGG 
AGC TT 
gtt tca att tag gtg aca cta tag TCC 
TCG AAG ACT GAA GGG AA 
mCherry 
AAG GGC GAG GAG GAT 
AAC AT 
gtt tca att tag gtg aca cta tag AGC 
TTC AGC CTC TGC TTG AT 
penka 
GGG GCT TCA TGA GGA 
GTG TA 
gtt tca att tag gtg aca cta tag CCA 
ACA ATG TTC AAT GAG CG 
pnoca 
GGT GTG ACT GCC AGA 
AGG AT 
gtt tca att tag gtg aca cta tag CTC 
TTT TGC AAA GAC CTG CC 
pnocb 
CAG GCA AGC AGT TGA 
ACA AA 
gtt tca att tag gtg aca cta tag GAA 
GCC GTG AGT TTC TCC AG 
sstr1a 
GAG ACC CAC CAT CGC TAA 
AA 
gtt tca att tag gtg aca cta tag GCT 
GTC CGA TTC CAG ATT GT 
sstr2 
CTG CTG GTC AAC CTA CCG 
AT 
gtt tca att tag gtg aca cta tag GAC 
CAT TCG TGT CCT GTC CT 
	  
	  
Table AI-1b: Primers to amplify cDNA to generate PCR amplified RNA probes 
Lower case sequence corresponds to the promoter for SP6 polymerase with the exception of cart2 where it 
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The Gal4-UAS regulatory system of yeast is widely used to modulate gene expression in 
Drosophila; however, there are limitations to its usefulness in transgenic zebrafish, owing 
to progressive methylation and silencing of the CpG-rich multicopy upstream activation 
sequence. Although a modified, less repetitive UAS construct may overcome this 
problem, it is highly desirable to have additional transcriptional regulatory systems that 
can be applied independently or in combination with the Gal4/UAS system for 
intersectional gene expression. The Q transcriptional regulatory system of Neurospora 
crassa functions similarly to Gal4/UAS. QF is a transcriptional activator that binds to the 
QUAS upstream regulatory sequence to drive reporter gene expression. Unlike Gal4, the 
QF binding site does not contain essential CpG dinucleotide sequences that are subject to 
DNA methylation. The QS protein is a repressor of QF mediated transcriptional 
activation akin to Gal80. The functionality of the Q system has been demonstrated in 
Drosophila and C. elegans and we now report its successful application to a vertebrate 
model, the zebrafish, Danio rerio. Several tissue-specific promoters were used to drive 
QF expression in stable transgenic lines, as assessed by activation of a QUAS:GFP 
transgene. The QS repressor was found to dramatically reduce QF activity in injected 
zebrafish embryos; however, a similar repression has not yet been achieved in transgenic 
animals expressing QS under the control of ubiquitous promoters. A dual reporter 
construct containing both QUAS and UAS, each upstream of different fluorescent 
proteins was also generated and tested in transient assays, demonstrating that the two 




greatly increase the versatility and power of transgenic approaches for regulating gene 







Transgenic tools for manipulation of gene expression are invaluable for labeling and 
tracking cell populations and for assessing genetic and cellular functions in 
developmental, physiological and behavioral studies. In zebrafish, transgenic approaches 
have been used extensively to test putative tissue-specific enhancers, monitor cell fates, 
modify or measure neural responses and to ablate cells for functional studies. In 
particular, two component or binary systems, such as the transcription factor Gal4 and the 
upstream activating sequence (UAS) to which it binds, produce high levels of gene 
expression and permit precise spatial and temporal regulation in vivo. The Gal4/UAS 
system has become the mainstay of genetic analyses in Drosophila and, coupled with 
other strategies (i.e., Gal80 repressor, LexA/lexO, Cre/loxP, Flp/frt), provides a powerful 
and versatile set of genetic tools for control of transcriptional activation (refer to (del 
Valle Rodriguez et al., 2012)). 
Adoption of the Gal4-UAS system has met with mixed success in the zebrafish 
model. The system works exceptionally well in transient assays of newly injected 
embryos, where high levels of gene expression can be attained by transcriptional 
activation from multicopy UAS sites (Koster and Fraser, 2001). However, in stable 
transgenic lines generated by Tol2-mediated transposition, CpG residues in the 
commonly used 10 or 14 copy upstream activator sequences (10XUAS or 14XUAS) are 
progressively methylated in each generation, eventually resulting in transcriptional 
silencing (Goll et al., 2009). Depending on the chromosomal position of transgene 




et al., 2011). Considerable effort has been expended on developing UAS-regulated 
transgenes for zebrafish by many laboratories because of the utility and flexibility of 
these reagents. However, transcriptional silencing of recovered transgenic lines has been 
a disappointing outcome and a frustrating investment in time and resources. Although it 
is possible to modify the copy number and repetitive nature of the UAS, for example with 
4 non-repetitive upstream activator sequences 4XnrUAS, (Akitake et al., 2011) 
expression levels from the recovered transgenes are usually not as high. For this reason, 
we sought to adapt another binary transcriptional regulatory system to the zebrafish.  
In the filamentous fungus Neurospora crassa, the quinic acid gene cluster (Qa) 
allows quinic acid to be used as a carbon source under conditions where glucose is 
limiting (Giles et al., 1991). Components of the Qa locus include a gene encoding the 
transcription factor QF, a QF binding site known as QUAS that is found upstream of QF 
regulated genes, and a gene encoding QS, a repressor that inhibits QF from activating 
QUAS. The inhibitory interaction between QS and QF can also be blocked through the 
addition of quinic acid (Fig. AII-1). The so-called Q system was successfully applied to 
regulate gene expression in Drosophila, in cultured mammalian cells (Potter et al., 2010) 
and more recently in C. elegans  (Wei et al., 2012). 
 In this article, we describe the generation of Q reagents for the production of 
transgenic zebrafish by Tol2 transposition. We demonstrate that QF robustly activates 
QUAS-driven fluorescent reporter genes in transient assays of injected embryos and in 
progeny from matings between stably recovered transgenic driver and reporter lines. 
Constitutive, low-level reporter expression was observed from QUAS-regulated reporters 




generated by fertilization with QUAS:GFP transgenic sperm. Under the control of a 
number of different tissue-specific promoters, QF activated QUAS reporters in the 
expected cell types in stable transgenic lines and, after 3 generations, we have not 
observed significant transcriptional silencing of a QUAS-regulated gene.  
QS significantly represses QF activity in transient assays; however, effective QF 
repression from an integrated QS transgene has yet to be achieved. Strategies for using 
the Gal4/UAS and QF/QUAS systems in parallel or in intersectional approaches have 
also been initiated. The presented results indicate that the Q system of Neurospora is a 
promising alternative to other binary approaches for transcriptional regulation in 
transgenic zebrafish. The adoption of these tools, and their use in conjunction with 
existing methods for spatial and temporal control of gene expression, will expand the 



























Figure AII-1. Components of the Q regulatory system  
(A) The transcription factor QF activates QUAS-regulated genes to produce reporter or effector 
proteins (indicated by X). (B) QF activity is blocked by the repressor QS. (C) QS repression of 
the QF/QUAS interaction is alleviated by addition of quinic acid (QA). P1 and P2 represent 




QF activation of QUAS-regulated gene expression in zebrafish 
Generation of QF driver constructs to activate reporter gene expression 
To determine whether the QF transcription factor would function appropriately to 
activate expression of QUAS-regulated genes in zebrafish, we first subcloned the same 
QF and QUAS sequences that had been used for Drosophila into vectors modified for 
Tol2 transposition. When injected with RNA encoding the Tol2 transposase, plasmids 
containing 5' and 3' Tol2 recognition sequences (i.e., Tol2 arms) integrate into the 
zebrafish genome with a high efficiency and show an increased frequency of germ line 
transmission (Kawakami et al., 2000). 
Initially, we sought to drive QF activity widely using the elongation factor 1 alpha 
(EF1α) promoter from Xenopus (Johnson and Krieg, 1994), which has frequently been 
employed in studies where ubiquitous gene expression is desired in the early zebrafish 
embryo (Amsterdam et al., 1995; Linney et al., 1999). A fragment containing the QF 
coding sequence and SV40 termination sequence (3.19 kb) was excised from the pattB-
QF plasmid (Potter et al., 2010) and cloned into the Tol2 plasmid pT2KXIG (Urasaki et 
al., 2006) directly downstream of the EF1α promoter. We refer to this QF driver plasmid 
as pT2KEF1α:QF.  
During the course of this work, another strong, ubiquitous promoter was 
identified from the zebrafish ubiquitin B (ubb) gene that drives expression as early as 4 
hours post fertilization (hpf) (Mosimann et al., 2011). A pBT2ubb:QF plasmid was 
produced by PCR amplifying the ubb promoter from pENTR5’_ubi (L4-R1) (Mosimann 
et al., 2011) and inserting the fragment (3.48 kb) into the pBT2 plasmid upstream of QF. 




gamma-crystallin (gcry1) gene driving the blue fluorescent protein (BFP) gene. BFP 
labeling of the lens of the eye permits identification of transgenic founders by screening 
embryos under a Pacific Blue 31037 filter set (Chroma Technology Corp). To generate 
the pBT2ubb:QF; gcry1:BFP plasmid, a fragment containing gcry1:BFP (1.26 kb) was 
excised from pKTol2gC-TagBFP (a gift from Karl Clark) and cloned into the SalI site of 
pBT2ubb:QF.  
 
Generation of QUAS reporter constructs 
To produce a Tol2 QUAS:GFP reporter plasmid, a fragment (451bp) containing five 16 
bp QUAS (5XQUAS) QF binding sites upstream of the green fluorescent protein (GFP) 
gene was digested from plasmid pQUAST (Potter, et al., 2010) using MluI and XhoI.  
This fragment was subcloned in reverse orientation into a MluI restriction site of the Tol2 
plasmid pBT2 (gift of Shannon Fisher) upstream of the carp ß-actin minimal promoter 
(Urasaki et al., 2006) and the GFP coding sequence. We refer to this 5XQUAS reporter 
plasmid as pBT2QUAS:GFP. As described below, transcriptional activation was not 
impeded by reversal of the 5XQUAS relative to the transcriptional start site of GFP.  
 
QF activation of QUAS:GFP in transient assays of injected embryos  
An advantage of the zebrafish system is that constructs can be readily assayed by 
injecting plasmids into the yolks of newly fertilized embryos, optimally at the 1-2 cell 
stage, and examining gene expression a day later. For such experiments, wild-type (WT) 
embryos were obtained from group matings between adults of the Oregon AB strain 




pBT2QUAS:GFP plasmids were co-injected into 1-2 cell embryos at varying 
concentrations (1, 5, 10, 15 or 25 ng/µl) in the presence of Tol2 transposase RNA (25 
ng/µl), and 0.2% phenol red to gauge the quality of the injection. After 1 day post-
fertilization (d), all embryos injected with 25 ng of both plasmids were GFP positive (Fig. 
AII-2A), although survival was poor at 57% (n=84). Survival greatly improved as the 
plasmid concentrations were decreased (15 ng resulted in a survival rate of 74% (n=118), 
10 ng in 88% (n=97), 5 ng in 95% (n=90) and 1 ng in 91% (n=57)), with all embryos 
showing robust GFP labeling after 1 d. These experiments demonstrated that, at the lower 
plasmid concentrations, ubiquitous QF reproducibly activated a QUAS reporter in 
developing zebrafish embryos with minimal toxicity.   
 
QF activation of QUAS:GFP from stably integrated transgenes 
Production of QUAS:GFP transgenic reporters 
For generation of a stable transgenic reporter line, pBT2QUAS:GFP was injected into 1-2 
cell stage AB embryos (1 nl of 25 ng/µl) together with RNA encoding Tol2 transposase 
(25 ng/µl) and phenol red (0.05%). Of the injected embryos (F0), 90% (n=98) survived 
and were raised to adulthood. To identify transgenic founders, the F0 adults were mated 
with AB fish and their progeny injected with pT2KEF1α:QF at the 1 cell stage (Fig. AII-
2B). Out of 34 adults screened, 5 generated embryos that showed robust GFP labeling at 
1 d in the presence of the EF1α:QF driver. One female (c403) that produced a higher 
frequency of GFP-labeled embryos (19%; n=84) was mated with AB males and the 
embryos raised to establish the transgenic line Tg(QUAS:GFP)c403. Heterozygous F1 
adults  were  identified by matings with stable  QF  driver  lines that  are described below.  
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A B
pT2KEF1!:QF + pBT2QUAS:GFP pT2KEF1!:QF into Tg(QUAS:GFP)c403
C D
Tg(mnx1:QF)c399; Tg(QUAS:GFP)c403pT2Kmnx1:QF + pBT2QUAS:GFP
E F
Tg(lfabp:QF)jh49; Tg(QUAS:GFP)c403 Tg(ins:QF) jh50; Tg(QUAS:GFP)c403





Figure AII-2.  QF activity in transient assays of zebrafish embryos and in stable transgenic 
lines.  
(A) Embryos co-injected with pTK2EF1a:QF and pBT2QUAS:GFP plasmid show strong GFP 
labeling at 1 d. (B) Ubiquitous GFP labeling at 1 d following injection of pTK2EF1a:QF plasmid 
into embryos from the Tg(QUAS:GFP)c403 stable line. (C) Mosaic labeling of motor neurons at 4 d 
following co-injection of pT2Kmnx1:QF and pBT2QUAS:GFP.  When mated to the 
Tg(QUAS:GFP)c403 reporter line, the recovered QF driver lines (D) Tg(mnx1:QF) c399 (E) 
Tg(lfabp:QF) and (F) Tg(insulin:QF), respectively, show tissue-specific labeling of motor neurons 
(white arrowhead, 1 d) and the presumptive pancreas (white arrowhead, 2 d) liver hepatocytes 
(white arrowhead, 2.5 d) and pancreatic !-cells (white arrowhead, 2 d).  (G) Robust labeling is 
observed at 30 hpf with the Tg(tp1:QF) driver, when compared to the Notch-responsive line 
Tg(EPV.Tp1-Mmu.Hbb:EGFP)um14 (renamed from Tg(Tp1bglob:eGFP)um14 (Parsons et al., 2009)). 






Effect of parent of origin on expression of QUAS-regulated transgenes 
In the course of identifying QUAS:GFP transgenic founders, we observed low levels of 
fluorescence in some embryos being screened, even in the complete absence of QF 
activity. Upon examining the progeny of F1 adults, we discovered that when the reporter 
transgene was derived from the female genome, transgenic offspring showed 
homogeneous, faint labeling as early as the 1-2 cell stage (Fig. AII-3A). This basal GFP 
expression was no longer detected by 4 d. In contrast, when the QUAS:GFP transgene 
was introduced from the paternal genome, fluorescence was not observed in fertilized 
embryos (Fig. AII-3B). Thus, because of low level labeling presumably derived from 
basal expression in the female germ line and maternally deposited GFP, paternal 
transmission of QUAS-regulated transgenes is recommended.  
 
Production of tissue-specific QF driver lines 
Following the demonstration that QF could activate transcription from an integrated 
QUAS:GFP transgene, we proceeded to generate stable QF driver lines using known, 
tissue-specific zebrafish promoters. The mnx1 (formerly Hb9) promoter, originally 
identified in mouse (Nakano et al., 2005), had been isolated from zebrafish and found to 
drive expression in spinal motor neurons, the epithalamus and pancreatic beta cells 
(Arkhipova et al., 2012; Zelenchuk and Bruses, 2011). A fragment (3.07 kb) encoding the 
promoter region was PCR amplified from pmnx1:GFP (provided by M. Granato) and 
ligated simultaneously with the QF coding and SV40 termination sequence into 
pT2KXIG (Urasaki et al., 2006) to produce pT2Kmnx1:QF.  
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Figure AII-3. Parent of origin influences expression of QUAS:GFP transgene. 
(A) In the absence of QF, embryos derived from Tg(QUAS:GFP)c403 mothers show ubiquitous 
GFP labeling from 2.5 hpf to 1 d, which gradually diminishes by 4 d. This is likely due to 
activation of the QUAS in oocytes and maternal deposition of GFP. (B) GFP labeling is not 
detected in the progeny of Tg(QUAS:GFP)c403 fathers (shown is 1 d).  
A B




After confirming that co-injection of pT2Kmnx1:QF (1 nl of 12.5 ng/µl) and 
pBT2QUAS:GFP (1 nl  of 25 ng/µl) along with RNA encoding Tol2 transposase (25 
ng/µl) led to robust GFP labeling in primary motor neurons at 4 d as well as in muscle 
fibers (Fig. AII-2C), we raised embryos injected with both plasmids as well as those 
injected only with the pT2Kmnx1:QF construct. To identify founders, the F0 adult fish 
were mated with Tg(QUAS:GFP)c403 heterozygotes. Out of 26 adults screened, 3 
generated embryos that showed GFP labeling in motor neurons, the pineal anlage and the 
presumptive pancreas at 1 d (Fig. AII-2D). Embryos from two of the Tg(mnx1:QF) 
founders also showed extensive labeling of muscle fibers. To establish and propagate the 
Tg(mnx1:QF)c399 line, we used the third founder, which yielded embryos with fewer 
labeled muscle cells and strong fluorescence in the spinal cord and the pineal gland. This 
labeling persists in the nervous system of adult fish (data not shown). 
To further validate the specificity of QF drivers, we generated three constructs; 
each designed to express QF in a discrete population of cells, namely, the hepatocytes of 
the liver, the insulin producing β-cells of the pancreas and cells undergoing Notch 
signaling. We used the Tol2 plasmid pT2KXIG (Urasaki et al., 2006) to introduce the QF 
coding sequence along with the SV40 polyA signal and a cassette consisting of the 
promoter/enhancer of beta B1 crystallin (crybb1) driving the enhanced cyan fluorescent 
protein (CFP) gene fused to the PEST destabilization domain (Emelyanov and Parinov 
2008). Regulatory sequences for the liver fatty acid binding protein (lfabp) gene (Farooq 
et al., 2008; Her et al., 2003) or the insulin (ins) gene (Pisharath et al., 2007) were PCR 
amplified and cloned upstream of the QF coding sequence using the In-Fusion® PCR 




utilized a known reporter of Notch pathway activation. Following cleavage, the Notch 
intracellular domain (NICD) translocates to the nucleus, where it associates with the 
RBP-Jκ transcription factor and activates transcription of target genes. A six copy 
concatemer of the enhancer from the viral terminal protein 1 (tp1) gene, which provides a 
total of 12 Rbp-Jκ binding sites (Grossman, et al., 1994; Henkel, et al., 1994), was placed 
upstream of the minimal promoter of rabbit β-globin (Minoguchi et al., 1997; Pisharath 
and Parsons, 2009) and the QF coding sequence. The three Tol2 constructs were injected 
separately with Tol2 transposase mRNA (Kawakami et al., 2000) and germ line 
transmission was monitored by the expression of CFP in the larval lens at 4 d.   
Tissue-specific QF activity was gauged by mating the QF driver lines to the 
Tg(QUAS:GFP)c403 reporter and observing GFP labeling in the resultant progeny. As 
expected, in Tg(lfabp:QF; crybb1:eCFP-PEST)jh49 (abbreviated to Tg(lfabp:QF)jh49) 
larvae, GFP expression was hepatocyte-specific (Fig. AII-2E) and was restricted to 
pancreatic β-cells in Tg(ins:QF; crybb1:eCFP-PEST)jh50 (abbreviated to Tg(ins:QF)jh50) 
individuals (Fig. AII-2F). 
The Notch-responsive activity of Tg(tp1:QF; crybb1:eCFP-PEST)jh51 
(abbreviated to Tg(tp1:QF)jh51) was demonstrated by mating to Tg(QUAS:GFP)c403 fish 
and incubating embryos in 50 µM of the γ-secretase inhibitor N-[N-(3, 5-
Difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester (DAPT; Sigma, D5942) 
from 3 to 24 h of development. Preventing γ-secretase activity blocks endogenous Notch 
signaling and, therefore, should inhibit Notch-dependent transcriptional activation of QF 
(Pisharath and Parsons, 2009). The tp1:QF transgene behaved in the expected Notch-




enhanced relative to embryos from a previously established Notch-responsive line 
(Parsons et al., 2009). 
 
Repression and modulation of QF activity 
QS blocks QF-driven expression in transient assays 
The third component of the Q-system, the repressor QS, inhibits QF activation of QUAS-
regulated genes. QS expressed under the control of the Drosophila tubulin promoter or 
the C. elegans DA neuron-specific unc-4c promoter blocked QF-mediated transcriptional 
activation in fly and worm embryos, respectively (Potter et al., 2010; Wei et al., 2012). A 
high QS:QF ratio was required for transcriptional repression of QUAS-regulated gfp 
expression in Drosophila (Potter et al., 2010).   
To test whether the QS repressor restricts QF transcriptional activation in 
zebrafish, we expressed QS under the control of the ubiquitous EF1α and ubb promoters 
(Mosimann et al., 2011). A fragment containing the QS coding sequence and SV40 
polyA tail (3.65 kb) was PCR amplified from pCasper4-tubulin-QS (Potter et al., 2010) 
and cloned downstream of the EF1α promoter within the pBT2 backbone. To facilitate 
the identification of transgenic founders, as above, the gcry1:BFP reporter was inserted in 
the pBT2EF1α:QS plasmid to produce  pBT2EF1α:QS; gcry1:BFP. The pBT2ubb:QS; 
gcry1:BFP plasmid was generated by replacing EF1α with a zebrafish ubb promoter 
fragment PCR amplified from pENTR5’_ubi (L4-R1) (Mosimann et al., 2011)  
To assess QS repression of QF, we performed a transient assay by co-injecting 
pT2KEF1α:QF (3.2 ng/µl) with either pT2KEF1α:QS (50 ng/µl) or pT2Kubb:QS (50 




GFP labeling was significantly reduced in the presence of either QS construct (Fig. AII- 
4A-D). To quantify QS suppression more objectively, we imaged GFP positive embryos 
at 1 d using a SPOT Xplorer 1.4 monochrome camera mounted on a Leica MZFLIII 
fluorescent stereomicroscope. Fluorescence intensity measurements (i.e., the mean gray 
value) were obtained for individual embryos using ImageJ 1.42q software 
(rsbweb.nih.gov/ij/) and compared by one–way ANOVA followed by Turkey’s post-hoc 
comparison using R v2.15.2 software (R Core Team, 2012; http://www.R-project.org/). 
The average intensity of GFP labeling was reduced by approximately 50% in 
Tg(QUAS:GFP)c403 embryos co-injected with pT2KEF1α:QF and pBT2EF1α:QS 
compared to those injected with pT2KEF1α:QF alone (n=38; Fig. AII-4E). No difference 
in fluorescence intensity was found between pT2KEF1α:QS injected and uninjected 
embryos.  
To produce a QS transgenic line, pBT2EF1α:QS; gcry1:BFP (12.5 ng/µl) was co-
injected with mRNA encoding Tol2 transposase (25 ng/µl) in phenol red (0.2%) into 1-
cell stage embryos, which were raised to adulthood. F0 adults were mated with AB and 
their progeny screened for BFP labeling in the lens using a Leica MZFLIII fluorescent 
stereomicroscope. Out of 55 adults screened, one F0 male (c430) produced a single BFP-
labeled embryo. This embryo was raised and mated with AB adult fish to establish the 
transgenic line Tg (EF1α:QS; gcry1:BFP)c430. 
To test whether transgenic F2 embryos produce sufficient levels of QS expression 
to repress QF-mediated activation of QUAS:GFP, we mated F1  adults with  doubly  
transgenic fish carrying Tg(mnx1:QF) c399 and Tg(QUAS:GFP)403.  No difference was 
detected in the intensity of  GFP-labeled  motor neurons in embryos that had inherited the  
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Figure AII-4.  QS represses QF activity  
(A) Tg(QUAS:GFP)c403 embryos were uninjected, (B) injected with the QF driver construct 
pT2KEF1a:QF, co-injected with (C)  pT2KEF1a:QF and the QS repressor plasmid pT2KEF1a:QS or 
with (D) pT2KEF1a:QF and the QS repressor plasmid pT2Kubb:QS.  (A-D) are 1 d. (E) Quantification 
of GFP intensity in Tg(QUAS:GFP)c403 embryos that received QF driver plasmid alone (T2KEF1a:QF, 
averaged from n=29) or in combination with pT2KEF1a:QS (averaged from n=25) relative to baseline 
levels (uninjected controls, n=38). GFP labeling was significantly reduced in the presence of the QS 
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QS transgene (as indicated by BFP expression in the lens) compared to siblings that had 
not. Additional experiments are required to determine the number of transgenic insertions 
individual embryos carry and to calibrate the amount of transgene-derived QS that is 
needed for QF repression in vivo.  
 
Evaluating the effect of quinic acid exposure on embryonic zebrafish 
In Drosophila and C. elegans, quinic acid blocks QS repression of QF thereby permitting 
transcription of QUAS-regulated genes (Potter, et al., 2010; Wei, et al., 2012). Because 
quinic acid seems to function in an opposite manner in mammalian cultured cells and, 
surprisingly, enhances QF repression (Potter, et al., 2010), we do not have a clear idea of 
how it might influence the Q system in zebrafish cells. Rigorous testing of the action of 
quinic acid in zebrafish embryos, will require the establishment of invariable conditions 
for QS repression of QF, which is difficult to achieve in transient assays.  However, as a 
first step toward this goal, we have assessed the effects of prolonged exposure to quinic 
acid on zebrafish embryos.  
We found that doses of quinic acid greater than 0.5 mg/ml in fish water are toxic 
whether provided at 2.5 hpf or at 1.5 d. A dose of 0.5 mg/ml is not lethal but results in 
developmental abnormalities. Morphologically normal embryos and larvae are obtained 
with concentrations of 0.3 mg/ml or lower for up to 5 d of treatment. There was no 
difference when quinic acid was added to system water or water containing 1-Phenyl-2-
Thiourea (PTU) (0.003%) to inhibit melanin formation (Karlsson, et al., 2001). These 
initial tests of toxicity should serve as a useful guideline for determining whether quinic 




conditions for this interaction are achieved using stable transgenic lines. 
 
Dual reporter system for activation by QF and Gal4   
One drawback to the zebrafish model is the length of time it takes to introduce several 
transgenes into a single animal, particularly if homozygosity is beneficial for expression. 
To simplify intersectional strategies, we tested whether it would be possible to use a 
single construct or “dual reporter”, in which UAS controls expression of one reporter 
gene and QUAS regulates another. In the pBT2QUAS:dTomato-4XnrUAS:GFP plasmid, 
the two transcription units were placed in reverse orientation separated by plasmid 
sequence (160 bp) or by the crybb1:CFP cassette (Emelyanov and Parinov 2008). 
Injection of the dual reporter plasmid (12.5 ng/µl) together with ubb:QF and EF1α:Gal4 
plasmids yielded embryos that showed the expected mosaic expression, with dTomato 
and GFP labeling of small numbers of cells (Fig. AII-5A). Infrequently, both fluorescent 
proteins were expressed in the same cell, indicating the presence of all three plasmids. 
To confirm that tissue-specific labeling could be obtained from the dual reporter 
plasmid, we mated Tg(mnx1:QF)c399 fish to the Gal4 driver line Tg(ptf1a:Gal4-VP16)jh16 
that expresses Gal4-VP16 in hindbrain neurons and in the pancreas (Parsons et al., 2009). 
Injection of the pBT2QUAS:dTomato-4XnrUAS:GFP dual reporter into 1-cell stage 
embryos resulted in dTomato labeled motor neurons and GFP labeled hindbrain neurons 
(Fig. AII-5B,C).  
We co-injected pBT2QUAS:dTomato-4XnrUAS:GFP (12.5 ng/µl) and mRNA 
encoding Tol2 transposase (25 ng/µl) in phenol red (0.2%) into 1-cell stage embryos to 




F0 founders by a fraction of their progeny showing CFP labeling in the lens at 2 d. When 
F1 embryos were raised to adulthood, mated, and their progeny co-injected with 
pBT2ubb:QF (5 ng/µl) and pBT2EF1α:Gal4 (5 ng/µl) plasmids, dTomato positive, GFP 
positive and doubly-labeled cells were obtained (data not shown).  
 
Generation of Tol2 Gateway compatible reagents for the Q system 
To facilitate the rapid production of Q-based reagents in backbones with Tol2 arms, we 
subcloned the Q components into entry vectors for the Gateway Cloning Technology 
system (Invitrogen, Life Technologies).  
The 5XQUAS was inserted into a 5' entry clone (p5E) to enable transcriptional 
control of downstream reporters. p5E-QUAS (L4-R1) contains a 563 bp fragment that 
includes the 5XQUAS and the carp β-actin minimal promoter assembled through 
Gateway BP recombination into the donor vector pDONR P4-P1R (Invitrogen, Life 
Technologies). The QF and QS genes were introduced as middle entry clones (pME), 
enabling their regulation by any promoter of choice present in a 5' entry clone.  QF and 
QS coding sequences along with the SV40 termination signal (3.18 and 3.66 kb) were 
PCR amplified from pattB-QF and pCasper4-tubulin-QS (Potter et al., 2010), 
respectively, and recombined into donor vector pDONR 221 (Invitrogen) to create the 
pME-QF and pME-QS middle entry clones. 
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Figure AII-5. QF and Gal4 activation from a dual reporter construct  
(A) Co-injection of the pBT2QUAS:dtomato-4xnrUAS:GFP dual reporter with QF 
(pT2Kubb:QF) and Gal4 (pT2KEF1a:Gal4) driver constructs results in mosaic labeling, with 
some cells expressing dTomato, GFP, or both fluorescent proteins (white arrowheads, 2 d, 
lateral view). (B) dTomato labeled motoneuron (white arrowhead) and (C) GFP labeled 
hindbrain neuron (white arrowhead) in the same 3 d larva, following injection of the dual 








To assist in the identification of transgenic founders, we also produced a 
p3E-crybb1:CFP 3' entry clone by PCR amplification of a fragment (1.52 kb) from 
pBT2- crybb1:CFP. The final recombination reactions were performed using the 
tripartite destination vector pDestTol2pA2 that had been previously modified for Tol2 
transposition (Kwan et al., 2007). 
The Gateway reagents were tested by assembling pENTR5’_ubi (L4-R1) 
(Mosimann et al., 2011) with pME-QF (L1-L2) and p3'- crybb1:CFP (R2-L3) into 
pDestTol2pA using the LR clonase II enzyme mix (Invitrogen, Life Technologies). The 
recombined vector (25 ng) along with phenol red (0.2%) was injected into 
Tg(QUAS:GFP)c403 heterozygous embryos  at the 1-cell stage. Broad GFP labeling was 









Reliable and effective tools to modulate gene expression in vivo are an important priority 
for zebrafish researchers. Modifications of the yeast Gal4/UAS system that promote high 
levels of activity have been valuable in transient assays of newly injected embryos, but 
more problematic for generating and maintaining high-expressing, stable transgenic lines. 
With the advent of Tol2 transposon-mediated transgenesis, it was thought that single 
copy integrations of UAS-regulated transgenes might resolve these issues; however, 
many groups have observed gradual silencing of transgenic lines (refer to (Asakawa and 
Kawakami, 2008; Distel et al., 2009; Halpern et al., 2008) in part due to CpG 
methylation at multicopy UAS binding sites for Gal4 (Akitake et al., 2011; Goll et al., 
2009).  Efforts have also been made to modify bacterial regulators for use in transgenic 
zebrafish, such as an inducible LexA repressor-progesterone receptor fusion protein 
(Emelyanov and Parinov, 2008) or a tetracycline-inducible transcriptional activator 
(TetA) (Knopf et al., 2010). These approaches have not yet been widely adopted by the 
field, perhaps on account of the requirement for chemical ligands to induce expression, or 
the paucity of reagents currently available for tissue-specific regulation. Similar reagents 
have shown evidence of leaky expression and lower levels of activation in Drosophila 
compared to Gal4 (refer to (Pfeiffer et al., 2010; Potter and Luo, 2011)). 
We turned to the Q transcriptional regulatory system of Neurospora crassa 
because it had been successfully applied to modulate gene expression in Drosophila and 
mammalian cells (Potter et al., 2010), and more recently in C. elegans (Wei et al., 2012). 




level of activation of reporter gene expression compared to Gal4/UAS-mediated 
induction (Potter et al., 2010). The Gal4/UAS and QF/QUAS systems also function 
independently and do not influence one another, which is important for devising 
intersectional strategies (del Valle Rodriguez et al., 2012; Potter et al., 2010). 
Our initial results on the application of the Q system in zebrafish are promising 
and will likely stimulate further validation and the generation of additional resources. QF 
driven by known tissue-specific promoters induces robust expression of a QUAS reporter 
in the appropriate temporal and spatial patterns in stable transgenic zebrafish embryos 
and larvae. Importantly, after 4 generations, we have not found evidence of diminished 
expression, an obvious advantage over multicopy UAS-regulated genes activated by Gal4. 
Preliminary data from DNA bisulfite sequencing also suggested that CpG methylation of 
the QUAS region was minimal in larvae from the F3 generation (M. Goll, unpublished 
observations).  
Despite these encouraging findings, some issues remain to be addressed for 
optimization of the Q system in zebrafish. First, in the complete absence of QF, low 
levels of constitutive activity are observed from QUAS-regulated transgenes that are 
introduced from the maternal genome. Embryos that inherited the QUAS:GFP transgene 
from their mothers showed ubiquitous, albeit dim, fluorescent labeling that persists for 
several days. Mutating nucleotides that are not essential for QF binding might eliminate 
constitutive promoter/enhancer activity of the multicopy QUAS element. However, a 
simpler option is to introduce QUAS-regulated transgenes from the paternal genome, 
since GFP labeling was undetectable in the Tg(QUAS:GFP)/+ heterozygous progeny of 




of QUAS-regulated transgenes in the F4 generation, elimination of nonessential CpG 
dinucleotides would reduce the potential for progressive silencing of transgenes by DNA 
methylation. Thus, a systematic mutagenesis approach to identify a modified QUAS that 
is only activated in the presence of QF, is an ideal target for QF binding, and refractory to 
transcriptional silencing would be of benefit. 
Another potential concern is the toxicity of QF. High levels of Gal4-VP16 activity 
are known to be toxic to the early zebrafish embryo (Koster and Fraser, 2001; Ogura et 
al., 2009) and our transient assays of QF under control of ubiquitous promoters also 
indicate that, at high concentration, QF can be detrimental to normal development. The 
recovery of multiple, transgenic lines in which tissue-specific promoters drive full-length 
QF, that in turn induces robust expression of a QUAS:GFP transgene, suggests that 
toxicity may only be a problem when QF is provided throughout the early embryo rather 
than in restricted cell types. Toxicity had been previously noted in Drosophila as well, 
when QF was under the regulation of certain promoters (Potter et al., 2010). To remedy 
this, new, truncated versions of QF have been generated that are fully active and less 
toxic in Drosophila (C. Potter, unpublished observations), but have yet to be tested in 
zebrafish.  
Although we were able to achieve strong repression of QF activity by QS in 
zebrafish embryos co-injected with plasmids, this has not been accomplished using stable 
transgenes. In equimolar amounts, QS does not adequately suppress QF (Potter et al., 
2010). In zebrafish, it may therefore be necessary to increase QS transgene copy number 
and expression levels (Pfeiffer et al., 2010; Pfeiffer et al., 2012) or select for low 




determine the optimal range for QF activation as well as repression in the presence of QS. 
Until such conditions are established, it is difficult to assess with accuracy the ability of 
quinic acid to alleviate the QS block in developing zebrafish. However, we were able to 
determine the maximum concentration of quinic acid that is compatible with embryonic 
growth and survival. An additional point to consider in future studies is the timing of 
reactivation of QUAS-regulated transgenes after the addition of quinic acid. Recovery of 
QF activity appears to be faster in transgenic worms than in flies exposed to the same 
quinic acid concentration (Wei et al., 2012).  
For any transcriptional regulatory system to be feasible and widely accepted, the 
generation of a large number of useful reagents is needed. Similar to Gal4, QF can be 
used to isolate and assemble a collection of transgenic driver lines for activation of 
QUAS reporter/effectors in specific cells or tissues of interest. QF Tol2 constructs have 
been adapted for enhancer trapping (M. Macurak and M.E. Halpern, unpublished 
observations), to recover numerous, diverse cell type-specific QF driver lines efficiently.  
  Having another well-developed gene regulatory system for the zebrafish will 
expand the combinatorial strategies that can be used for increasingly more refined control 
of gene expression and cell labeling. Because there does not appear to be any interaction 
between Gal4/UAS and QF/QUAS in Drosophila (Potter, et al., 2010) or in the zebrafish, 
the two systems can be used in parallel in the same cells. Two binary, repressible systems 
allow, for example, the Gal4 repressor Gal80 to be regulated by QF, QS to be regulated 
by Gal4 or QF expression to require Gal4, which, respectively, produces intersectional 
expression where Gal4 is inhibited in a subset of QF-expressing cells, QF is inhibited in a 




both Gal4 and QF (Potter and Luo, 2011). The number of generations that are required to 
introduce multiple transgenes into a single animal and the length of generation time, 
however, make such strategies seem daunting for the zebrafish. Our initial results 
injecting a dual QUAS and UAS reporter plasmid into embryos obtained from matings 
between Gal4 and QF driver lines suggest that it may be possible to accelerate the 
process. However, although transgenic founders were identified as carrying the dual 
reporter, mating of these fish to QF or Gal4 driver lines has not resulted in fluorescent 
labeling of cells. Thus, in the context of a zebrafish chromosome, the dual reporter might 
be refractory to transcriptional activation that can only be overcome through injection of 
a high concentration of plasmids bearing the same drivers. Additional work is required to 
determine the most effective configuration, distance and termination sequences for 
QUAS- and UAS-mediated transcription within the same transgenic region. Coupling the 
Q system with recombination based approaches, such as Cre or Flp recombinases, or 
employing split QF reagents (Wei et al., 2012) should further expand the repertoire of 
techniques for selective regulation of gene expression in zebrafish.  
 Finally, it is essential for the widespread adoption of a new gene regulatory 
system to develop reagents that can be readily modified by other researchers are 
compatible with currently employed methods. Gateway recombination cloning is an 
efficient strategy for the production of reporter or effector Tol2 constructs under the 
control of tissue-specific promoters (Kwan et al., 2007; Villefranc et al., 2007) or 
transcriptional regulators, and has become favored by many zebrafish researchers for the 
preparation of transgenic constructs. For ready distribution and ease of use, we have 




that was the basis of the Tol2 kit initially produced by the Chien laboratory (Kwan et al., 
2007). With the Gateway cloning system, it will be straightforward to generate new 
transgenic vectors for targeted cell ablation, multicolor fluorescent labeling and 
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